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ABSTRACT
DISPERSAL GRADIENTS AND DEPOSITION EFFICIENCY OF VENTURIA 
INAEQUALIS ASCOSPORES AND THEIR RELATIONSHIP TO LESION DENSITIES
by
Jonathan  David Kaplan 
U n iv e rs ity  o f New Hampshire, May, 1986
The a i r b o r n e  d i s p e r s a l  o f  V e n tu r ia  i n a e q u a l i s  a s c o s p o r e s  and 
Lycopodium  sp  s p o re s  from  a p o in t  s o u rc e  w as ex am in ed  in  an  a p p le  
o rchard . T w en ty -five  v o lu m e tric  spo re  t r a p s  w ere c o n s tru c te d , and a 
system  developed th a t  governed i n t e r v a l s  o f  t r a p  o p e r a t io n  by l e a f  
w e tn e s s .  The e s t i m a te d  in o cu lu m  d e n s i t y  w as e q u a l  t o  s e v e r a l  
unsprayed t r e e s ,  much g re a te r  th an  inoculum d e n s i t i e s  in  w ell-m anaged 
com m ercial o rch ard s.
D isp e rsa l g ra d ie n ts  w ere analyzed  u sing  th e  eq u a tio n  Y = a  + bX^ 
+ cX j^ + dX-^ + eX2 » w h ere  Y i s  th e  lo g  o f  s p o r e s  t r a p p e d ,  Xj i s  th e  
lo g  o f d i s t a n c e  from  th e  s o u rc e ,  and X2  i s  a  c o n s ta n t  t o  r e l a t e  t r a p  
l o c a t i o n  to  w ind  d i r e c t i o n .  S t a t i s t i c a l l y  s i g n i f i c a n t  (p = 0.05) 
r e g r e s s io n s  w ere  c a l c u l a t e d  when d a ta  f o r  a l l  a s c o s p o re  r e l e a s e  
p e r io d s  w ere combined, b u t n o t f o r  in d iv id u a l  r e l e a s e s .  A sc o sp o re s  
w ere  random ly  d i s p e r s e d  beyond 30 m from  th e  s o u rc e ,  and  i t  w as 
p ro p o se d  t h a t  beyond 30 m an  e q u iv a l e n t  in o cu lu m  s o u rc e  w i t h i n  o r  
o u ts id e  of a  com m ercial o rchard  would no t c o n tr ib u te  s ig n i f ic a n t ly  to  
th e  inoculum  le v e l  in  t h a t  o rchard . Lycopodium spore  g ra d ie n ts  w ere 
s te e p e r  th an  ascospo re  g ra d ie n ts , p o s s ib ly  r e f le c t in g  d if f e r e n c e s  in  
te rm in a l v e lo c i ty .
The r a t i o  o f  a i r b o r n e  a s c o s p o re s  p e r  d e v e lo p in g  l e s i o n  on 
u n sp ra y e d  f o l i a g e  was c a l c u l a t e d  by d iv id in g  a r e a  d o se  (a s c o s p o re s  
cm“ 2 a i r )  by l e s i o n  d e n s i t y  ( l e s io n s  cm“ 2 l e a f  t i s s u e ) ,  w here  a r e a
d o se  = s p o r e s  m- ^ x w in d  sp eed  (m s " l )  x sa m p lin g  p e r io d  ( s ) /1 0 ,0 0 0 . 
The r a t i o  w as g r e a t e s t  f o r  l e a v e s  i n f e c t e d  a t  th e  b e g in n in g  o f  th e  
p rim ary  season. The percen tag e  o f scabbed f r u i t  on t r e e s  u n p ro tec ted  
w ith  fu n g ic id e  p r io r  to  p ink  bud phase was no t s t a t i s t i c a l l y  g re a te r  
th a n  on t r e e s  p ro te c te d  f o r  th e  e n t i r e  p rim ary  scab  season. On p o tte d  
M cIn to sh  s e e d l in g s  p la c e d  in  th e  o rc h a rd , th e  r e l a t i o n s h i p  w as 
d e s c r ib e d  by th e  e q u a t io n  Y = 1.79 + 0.0073X, w here  Y i s  th e  l e s i o n  
d e n s i t y  and  X i s  th e  a i r b o r n e  a s c o s p o re  d e n s i ty  w hen th e  a i r b o r n e  
a s c o s p o re  d e n s i ty  was g r e a t e r  th a n  5000 a s c o s p o re s  m“ 3 a i r .  Below 
th a t  f ig u r e ,  th e re  was no re la t io n s h ip .
The d e p o s it io n  e f f ic ie n c y  (percen tage  of a re a  dose) o f  asco sp o res  
d e p o s i t e d  on c o v e r s l i p s  a f f i x e d  t o  le a v e s  in  a  g la s s h o u s e  s tu d y  w as 
3 .8 , 2 .5 , and 0.8% a t  w ind  sp e e d s  o f  0 .23 , 0 .45 , and  0.89 m s “ l ,  
re s p e c t iv e ly .  The low number o f le s io n s  recorded  in  th e  o rch ard  was 
th u s  p a r t i a l l y  e x p la in a b le  by th e  s m a l l  p r o p o r t io n  o f  a s c o s p o re s  
d e p o s ite d  on fo lia g e .
xii
INTRODUCTION
The a s s o c i a t i o n  o f  p l a n t  d i s e a s e  w i th  t h e  w ind  h a s  b een  w e l l  
known fo r  s e v e ra l thousand y e a rs . Most s tu d e n ts  o f  any in tro d u c to ry  
p l a n t  p a th o lo g y  c o u rs e  a r e  e n l ig h te n e d  t o  b i b l i c a l  r e f e r e n c e s  t o  
" b l ig h t  and  s e a r in g  w ind" (D euteronom y 28:22) o r  P h a ra o h 's  dream  o f 
" sev en  e a r s  o f  g r a in ,  s h r i v e l e d  and  t h i n  and b l a s t e d  by th e  w ind" 
(Genesis 41:6). In  more re c e n t tim e s , wind has been im p lic a te d  in  th e  
a n n u a l s p re a d  o f b la c k  s tem  r u s t  o f  w h eat n o r th w a rd  from  M exico, 
th rough  th e  U nited  S ta te s  to  Canada, (101, e .g ), and a  re c e n t ep idem ic 
o f  b lu e  m old in  C o n n e c t ic u t  w as a s s o c i a t e d  w i th  m ovem ent o f  t h e  
pathogen, Peronosoora ta b a c in a , from  Jam aica  and Cuba t o  C onnecticu t 
(8). The lo n g -ran g e  t r a n s p o r t  o f pathogen p ropagu les i s  a  f a s c in a t in g  
a s p e c t  o f  p l a n t  p a th o lo g y , and  one t h a t  may be im p o r ta n t  in  t h e  
in tro d u c tio n  o f pathogens to  new a re a s , b u t f o r  most p la n t  d is e a s e s , 
th e  pathogen i s  u s u a lly  endem ic and p re s e n t w ith in  a  reg io n .
The c o n tin u o u s  p re s e n c e  and s u r v iv a l  o f  many p l a n t  p a th o g e n ic  
fu n g i i s  dependent upon th e  s u c e s s fu l reun ion  of th e  pathogen w ith  i t s  
s u s c e p t i b l e  h o s t .  In  a g ro e c o s y s te m s , t h i s  r e u n io n  i s  u s u a l l y  an  
annual o ccu rrence  because of th e  la rg e  numbers o f p ropagu les produced 
by m ost p l a n t  p a th o g e n ic  f u n g i  and  th e  h ig h  d e n s i t y  o f  g e n e t i c a l l y  
s im i la r  h o s t p la n ts  in  a  r e s t r i c t e d  a re a . D esp ite  th e  la rg e  number o f 
bo th  components in  th e se  system s, a  medium i s  s t i l l  re q u ire d  t o  b rin g  
them to g e th e r . For many fungal pathogens o f  above-ground p la n t  p a r t s ,  
th e  medium i s  th e  a tm osphere and, more s p e c i f ic a l ly ,  th e  wind.
G iven  t h a t  t h e  t h r e e  co m p o n en ts  f o r  i n f e c t i o n  a r e  p r e s e n t ,  i . e .
2i n f e c t i o u s  p ro p a g u le s ,  s u s c e p t i b l e  h o s t  t i s s u e ,  and  f a v o r a b le  
env ironm en ta l c o n d itio n s , th re e  p ro cesses  a re  n ecessary  to  com plete  a  
w ind-m ediated , h o s t-p a th o g en  encoun ter. The pathogen propagu le  must 
f i r s t  be re le a se d  or d isch a rg ed  in to  th e  a tm osphere by any means which 
p r o p e ls  th e  p ro p a g u le  beyond th e  la m in a r  a i r  l a y e r  b o u n d in g  th e  
s u r f a c e  c o n ta in in g  th e  p a th o g e n . The p ro p a g u le  m ust th e n  be 
t r a n s p o r t e d  v i a  th e  w in d  t o  t h e  h o s t  p l a n t ,  a  p ro c e s s  known a s  
d is p e r s a l  or d is se m in a tio n . F in a l ly ,  th e  p ropagu le  must p e n e tr a te  th e  
la m in a r  bo u n d ary  l a y e r  f o r  d e p o s i t io n  on th e  h o s t  p l a n t  s u r f a c e .  
D e p o s i t io n  can  o c c u r  by s e d im e n ta t io n  in  ca lm  c o n d i t io n s  o r ,  m ore 
o f te n , by im paction .
One p a th o g e n  w h ich  r e l i e s  upon w ind  t o  renew  c o n ta c t  w i th  th e  
h o s t  p l a n t  e a c h  y e a r  i s  V e n tu r ia  i n a e q u a l i s  (Cke.) w in t . ,  th e  c a u s a l  
a g e n t  o f  a p p le  sc a b  d i s e a s e .  In  New H am p sh ire , th e  p a th o g e n  
o v e rw in te rs  on th e  o rch a rd  f lo o r  a s  undeveloped p seu d o th ec ia  in  le av e s  
in fe c te d  th e  p rev io u s  grow ing season. The pseu d o th ec ia  m ature du ring  
e a r l y  s p r in g ,  and  m a tu re d  a s c o s p o re s  a r e  d is c h a rg e d  p re d o m in a n tly  
d u rin g  day tim e ra in s  (78). A scospores, th e  p rim ary  inoculum fo r  t h i s  
d is e a s e , a re  th en  c a r r ie d  by th e  w ind to  expanding, s u s c e p tib le  l e a f  
t i s s u e  where in f e c t io n  occu rs.
I n f e c t i o n s  c a u se d  by a s c o s p o re s  a r e  r e f e r r e d  t o  a s  p r im a ry  
in fe c t io n s ,  and th e  e n t i r e  p e r io d  th roughou t th e  s p r in g  when p rim ary  
i n f e c t i o n s  can  o c c u r  i s  th e  p r im a ry  s e a s o n . A lth o u g h  i t s  e x a c t  
d u ra tio n  i s  in flu en c ed  by w eather c o n d itio n s , th e  p rim ary  season  in  
New Hampshire u su a lly  b eg in s  in  m id-A pril and ends th e  f i r s t  o r second 
week i n  Ju n e . C o n id ia  p ro d u ced  in  l e s i o n s  r e s u l t i n g  from  p r im a ry  
in fe c t io n s  com prise th e  secondary inoculum , which i s  s p la sh -d isp e rs e d
3w i th in  th e  canopy . C o n id ia  can  i n i t i a t e  s e c o n d a ry  i n f e c t i o n s  on 
f r u i t s  and le a v e s  th roughout th e  rem ainder o f th e  grow ing season  and, 
under s u i ta b le  c o n d itio n s , can le ad  to  a  s u b s ta n t ia l  b u ild -u p  in  scab  
inc idence . Because of th e  p o te n t ia l  fo r  s e v e ra l c y c le s  o f secondary 
i n f e c t i o n s ,  a p p le  s c a b  d i s e a s e  i s  c o n s id e re d  a  compound i n t e r e s t  
d is e a se  (128) because o f  th e  ra p id  r a te  a t  which d is e a s e  in c id en ce  can 
in c re a se  g iven  th e  p ro p er c o n d itio n s .
C ontro l o f app le  scab  d ise a se  has been accom plished p redom inan tly  
w ith  fu n g ic id e s , e s p e c ia l ly  in  New Hampshire where more th an  6000 ha 
a re  p la n te d  to  M cIntosh and C o rtlan d  (4), c c u l t iv a r s  which a re  h ig h ly  
s u s c e p tib le  t o  V. in a e q u a lis . The s t r a te g y  fo r  most sp ray  program s i s  
t o  p rev en t p rim ary  in fe c t io n s  from o ccu rrin g , th e reb y  m in im izing  th e  
r is k  o f secondary in fe c t io n s .  The r i s in g  c o s t  o f p e s t ic id e s  combined 
w ith  in c re a se d  env ironm enta l aw areness have mandated more e f f i c i e n t  
and ju d ic io u s  use o f  th e se  ch em ica ls . The developm ent o f  q u a n t i t a t iv e  
models and v a lu e s  to  d e sc r ib e  a l l  components o f th e  ap p le  scab  d is e a s e  
c y c le  i s  e s s e n t i a l  f o r  th e  e s t a b l i s h m e n t  o f  new d i s e a s e  m anagem ent 
s t r a t e g i e s .  How q u a n t i f i c a t i o n  o f th e s e  co m p o n en ts  c an  a id  in  
management o f p rim ary  scab  h as  been re c e n tly  d iscu ssed  by MacHardy and 
J e g e r  (80).
To d a te ,  w ork h a s  b een  c o m p le te d  t h a t  d e sc r ib e s  q u a n t i ta t iv e ly  
th e  developm ent o f  V. in a e q u a lis  from  i t s  o v e rw in te rin g  s t a t e  th rough  
s p o re  d is c h a r g e  (85), and m o d e ls  have  b een  d e v e lo p e d  t h a t  p r e d i c t  
l e v e l s  o f  a s c o s p o re  m a tu r i t y  w i th in  a  p o p u la t io n  (35 ,58) and  th e  
le n g th  of th e  p rim ary  season  (79). In s tru m e n ta tio n  has been developed 
t o  a id  g ro w e rs  t o  m o n ito r  e n v iro n m e n ta l  c o n d i t io n s  and  d e te r m in e  
w hether o r n o t in fe c t io n  p e rio d s  have occurred  (62,81). In  c o n tr a s t ,
4th e re  has been v e ry  l i t t l e  work t o  q u a n tify  e i th e r  th e  d is p e r s a l  and 
d e p o s it io n  o f  ascospo res o f V. in a e q u a lis , o r subsequen t in f e c t io n  and 
le s io n  developm ent. These a sp e c ts  o f th e  d is e a s e  cy c le  a re  e s s e n t ia l  
i f  th e  pathogen i s  to  u n ite  w ith  th e  h o s t fo r  an o th er grow ing season.
The r e s e a r c h  p r e s e n te d  in  t h i s  d i s s e r t a t i o n  w as c o n d u c te d  t o  
q u a n t i t a t i v e l y  d e s c r ib e  th e  above p h a se s  o f  t h e  d i s e a s e  c y c le .  
C h a p te r  I I  re v ie w s  l i t e r a t u r e  p e r t i n e n t  t o  r e s e a r c h  m e th o d s and 
components o f th e  ap p le  scab  d is e a se  c y c le  s tu d ie d . R esearch d e sc rib e d  
in  C hapter I I I  was conducted t o  examine th e  d is p e r s a l  o f a sco sp o res  o f  
V. i n a e q u a l i s  in  an o rc h a rd  e n v iro n m e n t. The s t u d i e s  d e s c r ib e d  in  
C h a p te r  IV w ere  d e s ig n e d  t o  r e l a t e  a i r b o r n e  a s c o s p o re  d o se  i n  an  
o rc h a rd  t o  l e s i o n  d e n s i t y  r e s u l t i n g  from  th o s e  s p o re s .  The f i n a l  
c h a p te r  c o n s i s t s  o f  g la s s h o u s e  e x p e r im e n ts  t o  r e l a t e  a i r b o r n e  
a s c o s p o re  d e n s i t i e s  t o  th e  d e n s i t y  o f  a s c o s p o re s  d e p o s i t e d  on a p p le  
l e a f  s u r f a c e s .  T h ro u g h o u t th e  f i e l d  s t u d i e s ,  a t t e m p t s  v /ere  made t o  
m a in ta in  r e a l i s t i c  s i t u a t i o n s  w h ich  a r e  m o st s i m i l a r  t o  th o s e  
encoun tered  under a g r ic u l tu r a l  grow ing c o n d itio n s , w ith  f u l l  knowledge 
th a t  adherence to  r e a l i t y  can le a d  to  con cessio n s  in  th e  developm ent 
o f q u a n t i t a t iv e  r e la t io n s h ip s .  At th e  same tim e , th e  au th o r b e lie v e s  
t h a t  th o se  r e s u l t s  which a re  o b ta in ed  under such g u id e lin e s  a re  e a s i ly  
a d a p ta b le  t o  an  a g r i c u l t u r a l  sy s te m , su ch  a s  an  o rc h a rd ,  t o  a id  th e  
grow er in  making management d e c is io n s .
5CHAPTER I I  
SPORES IN THE LITERATURE
T h is  re v ie w  o f  t h e  l i t e r a t u r e  h a s  f o u r  s e c t i o n s .  The f i r s t  
s e c t i o n  d e s c r ib e s  t h e  d i f f e r e n t  ty p e s  o f  t r a p s  w hich  h av e  b een  
designed  t o  sam ple th e  a i r  sp o ra . The second s e c tio n  rev iew s s tu d ie s  
t h a t  have u t i l i z e d  sp o re  t r a p s .  The th i r d  s e c t io n  p re s e n ts  re se a rc h  
c o n c e rn e d  w i th  th e  d i s p e r s a l  an d  d e p o s i t i o n  o f  s p o r e s .  The f o u r t h  
s e c t io n  rev iew s sp o re  d is p e r s a l  s tu d ie s  in v o lv in g  V e n tu ria  in a e q u a lis .
6I. THE TRAPS
A number o f d ev ice s  and te ch n iq u es  have been developed to  sam ple 
th e  a i r  s p o ra .  They r e l y  on th e  p r o p e r t i e s  o f  e i t h e r  im p a c tio n  o r  
sed im en ta tio n  to  t r a p  sp o res , and th e  method of tra p p in g  v a r ie s  from 
s im p le  to  complex depending upon th e  needs o f a  p a r t i c u la r  study .
Among th e  most s im p le  d ev ice s  i s  a g ra v ity  s l i d e  tech n iq u e  (46), 
in  which a  m icroscope s l i d e  i s  p laced  h o r iz o n ta l ly  along a  su rfa c e  and 
sp o res  lan d  on th e  s l id e  v ia  sed im en ta tio n . The s l id e  can be co a ted  
w i th  some s t i c k y  s u b s ta n c e ,  su ch  a s  s i l i c o n  o r  v a s e l i n e ,  t o  en h an ce  
s p o re  r e t e n t i o n .  The s l i d e  i s  th e n  ex am in ed  m ic r o s c o p ic a l ly  t o  
e s t im a te  th e  number o f sp o res  d ep o sited  on a  s p e c i f ic  a rea . Two m ain 
advantages o f th e  g ra v ity  s l id e  tech n iq u e  a re  t h a t  i t  i s  inexpensive  
an d  v e ry  s im p le  t o  u s e  i n  any s i t u a t i o n .  Two d is a d v a n ta g e s  a r e  th e  
sm a ll a re a  sam pled and th e  tra p p in g  e f f ic ie n c y , a lthough  e f f ic ie n c y  i s  
g re a t ly  improved a s  w ind speeds in c re a s e  (46).
S t ic k y  g l a s s  s l i d e s  can  a l s o  be u sed  in  a  v e r t i c a l  p o s i t i o n  t o  
t r a p  a i r b o r n e  s p o r e s  v i a  im p a c tio n . In  t h i s  way, s l i d e s  have  been  
used to  m on ito r th e  appearance o f wheat r u s t  u redospores (102) and t o  
s tu d y  th e  d i s p e r s a l  o f  L y c o p o d iu m  s p o r e s  ( 1 1 0 ,1 3 1 ) .  W h e re a s  
h o r i z o n t a l  s l i d e s  g iv e  an  i n d i c a t i o n  o f  s p o re  d e p o s i t i o n  d e n s i t y ,  
v e r t i c a l  s l id e s  m on ito r th e  a i r b o r n e  s p o re  d e n s i ty .  A irb o rn e  s p o re  
d e n s i t y  can  a l s o  be s tu d ie d  u s in g  s t i c k y  g l a s s  ro d s  o r  c y l in d e r s .  
V arying th e  s iz e  o f  a  rod o r c y lin d e r  a l t e r s  i t s  tra p p in g  e f f ic ie n c y  
(43).
7Another s im p le  tra p p in g  su r fa c e  i s  th e  p e t r i  p la te  w hich, l i k e  a  
g la s s  s l id e ,  can be used to  s tudy  sed im en ta tio n  or im paction . P la te s  
may c o n ta in  a  s e l e c t i v e  m edium t o  m o n ito r  th e  p re s e n c e  o f s p e c i f i c  
o rg a n ism s  t h a t  w i l l  grow  on th e  medium. T h is  m ethod  i s  u sed  f o r  
q u a n t i t a t i v e  s t u d i e s  b e c a u se  th e  num ber o f  c o lo n ie s  t h a t  d e v e lo p  
r e f l e c t s  th e  number o f sp o res  d e p o sited , and th e  d e n s ity  o f d ep o sited  
s p o re s  i s  p r o p o r t i o n a l  t o  th e  d e n s i ty  o f s p o r e s  in  th e  a i r .  T h is  
te c h n iq u e  was u sed  t o  s tu d y  d i s p e r s a l  o f  F u sa riu m  s u b g lu t in a n s  
(W ollenw . e t  R e in k in g ) N e lso n  e t  a l . ,  th e  c a u s a l  a g e n t  o f  p in e  p i t c h  
c a n k e r  (11). When p r o t e c t e d  p e t r i  d i s h e s  w ere  p la c e d  i n  h e a v i ly  
in fe c te d  p la n ta t io n s ,  i n  n a tu ra l  s tan d s  low in  d is e a s e , and in  c le a r  
c u t  a r e a s ,  an  a v e ra g e  o f  1 7 .9 , 3.1 and 2.0 c o lo n ie s  p e r  p l a t e  w ere  
re c o v e re d , r e s p e c t i v e l y .  P e t r i  p l a t e s  and g l a s s  s l i d e s ,  b e c a u se  o f  
t h e i r  s i m p l i c i t y ,  h av e  a l s o  b een  u sed  t o  sam p le  th e  a i r  s p o ra  in  
unusual p la c e s  such a s  th e  a tm osphere 1500 m e te rs  above ground le v e l  
(4 6 ,9 2 ,1 1 1 ).
An im p o r ta n t  c o n c e p t t o  be c o n s id e re d  f o r  any s p o re  t r a p  i s  th e  
tra p p in g  e f f ic ie n c y  o f th e  dev ice . E ff ic ie n c y  can be d e fin ed  by th e  
e q u a t io n  E = T rap  d o s e /A re a  d o se , w here  t r a p  d o se  i s  th e  a c tu a l  
num ber o f  s p o re s  d e p o s i t e d  and  a r e a  d o se  i s  th e  num ber o f  s p o re s  
flo w in g  th rough  an im aginary  u n i t  a re a , such a s  a  1 cm square  a t  r ig h t  
a n g le s  t o  th e  t r a p p in g  s u r f a c e  (a ssu m in g  th e  s u r f a c e  i s  h o r i z o n t a l ,  
such a s  a  le a f )  (45). The tra p p in g  e f f i c i e n c ie s  o f s u rfa c e s  w i l l  vary 
w i th  th e  s i z e ,  sh a p e , an d  to p o g r a p h ic a l  f e a t u r e s  (e .g . p u b e sc e n c e , 
con tours) o f th e  su rfa c e , o r ie n ta t io n  in  r e l a t io n  to  th e  d i r e c t io n  of 
th e  wind, and th e  speed of th e  wind (46).
The t r a p p in g  e f f i c i e n c i e s  o f  g l a s s  s l i d e s ,  ro d s , c y l i n d e r s  and
8p e t r i  p la te s  t h a t  r e ly  on g ra v ity  o r  wind fo r  d e p o s it io n  and im paction  
a r e  lo w , e s p e c i a l l y  a t  low  w ind s p e e d s . In  f a c t ,  th e s e  t r a p s  
th e o r e t ic a l ly  have a  tra p p in g  e f f ic ie n c y  o f zero  under calm  co n d itio n s  
(46). The tra p p in g  e f f ic ie n c y  must be in c re ase d  fo r  more co n cise  and 
q u a n t i ta t iv e  s tu d ie s  o f a i r  spo ra . V o lum etric  spo re  t r a p s  th a t  sample 
a  known q u a n t i t y  o f  a i r  by s u c t io n  have  an  in c r e a s e d  t r a p p in g  
e f f i c i e n c y .  Two p r im a ry  a d v a n ta g e s  o f  s u c t io n  t r a p s  a r e  1) th e y  
in c re a se  e f f ic ie n c y  of im paction  by a c c e le ra t in g  a  narrow a i r  stream  
on to  a  s u rfa c e , and 2) some can in d ic a te  th e  hour in  which th e  sp o res  
w ere  t r a p p e d ,  th e re b y  e n a b l in g  c o r r e l a t i o n  b e tw ee n  e n v iro n m e n ta l  
f a c to r s  and th e  p resence  or absence o f sp o res  in  th e  atm osphere (52).
One o f th e  f i r s t  v o lu m e tr ic  spore  t r a p s  was designed  by Frey and 
K e it t  (33) to  study  th e  epidem iology o f ap p le  scab  d ise a se . They had 
o r i g i n a l l y  t r i e d  t o  d e v is e  a  t r a p  u t i l i z i n g  a s t a t i c  f lo w  tu b e . A ir  
was drawn th rough  a  g la s s  tu b e  and th e  e l e c t r o s t a t i c  p ro p e r t ie s  of th e  
sp o res  w ere u t i l i z e d  t o  remove them from th e  a i r  v ia  e l e c t r i c i t y  and 
d e p o s it them on th e  g la s s .  U n fo rtu n a te ly , th e  sp o res  tended  to  s t ic k  
t o  th e  s id e s  o f th e  tu b e .  They e v e n tu a l ly  d e v is e d  an  a p p a r a tu s  in  
w h ich  a  vacuum  pump drew  a i r  th ro u g h  a  t r a n s p a r e n t  m em brane a t  20 
l i t e r s  m in“ l .  The s p o r e s  w ere  d e p o s i t e d  on th e  m em brane and  th e n  
counted w ith  a  m icroscope. In  t h i s  way, they  m onito red  th e  p resence  
o f V en tu ria  in a e q u a lis  asco sp o res  in  th e  a i r .
A n o th e r v o lu m e t r ic  s a m p le r  i s  th e  M anning s l i t  s a m p le r  (12) 
designed  t o  t r a p  b a c te r ia .  A measured amount of a i r  i s  drawn through 
a  f in e  s l i t  and th en  im pinged upon a  slow ly  rev o lv in g  p la te  o f c u l tu re  
medium. The p l a t e  i s  th e n  rem oved and in c u b a te d .  By u s in g  a  
s e l e c t i v e  m edium , t h e  s a m p le r  c an  d e t e c t  a  s p e c i f i c  fu n g u s  o r
9b a c te r iu m . T h is  a p p ro a c h  w as ta k e n  by D im enna (24) in  a  m e d ic a l ly  
o r ie n ta te d  survey of th e  a i r  sp o ra  around a  h o s p ita l .
A s im ila r  sam pler i s  th e  Anderson sam pler (6) which, th rough  th e  
use of v a r io u s  f i l t e r s ,  c o l l e c t s  and s e p a ra te s  sp o res  and b a c te r ia  of 
d i f f e r e n t  s iz e s . The sam pler h as  s ix  l e v e l s ,  each c o n ta in in g  a  p e t r i  
p l a t e  w ith  s t e r i l i z e d  medium. A ir i s  drawn th rough  th e  a p p a ra tu s  and 
sp o res  a re  d e p o sited  on th e  p la te ,  w ith  th e  l a r g e s t  sp o res  tra p p e d  on 
th e  u p p er p l a t e  and  s p o r e s  o f  d e c r e a s in g  s i z e  d e p o s i te d  a t  e ach  
s u c c e s s iv e  l e v e l .  S e l e c t i v e  m ed ia  h av e  a l s o  b een  u t i l i z e d  i n  th e  
Anderson sam pler to  enhance th e  grow th o f s p e c i f ic  fu n g i (95, e .g .).
An e n t i r e ly  d i f f e r e n t  t r a p  u t i l i z e s  c e n tr i fu g a l  fo rc e  to  im pact 
sp o res  on a  su rfa ce . An exam ple i s  th e  cyclone c o l le c to r  designed  fcy 
Ogawa (93). The cyclone t r a p  can draw up to  s e v e ra l hundred l i t e r s  o f 
a i r  p e r m inute. Spores a re  d ep o sited  in  a  f la s k  o r v ia l ,  o f f e r in g  th e  
a d v a n ta g e  o f c o l l e c t i n g  v i a b l e  s p o r e s  and  o b ta in in g  c u l t u r e s  fro m  
them. However, a t  h ig h  in ta k e  speeds th e re  i s  some m o r ta l i ty  (125) 
w hich m ust be co n sid ered  when conducting  q u a n t i ta t iv e  s tu d ie s .
The f i r s t  reco rd in g  v o lu m e tr ic  t r a p  was designed  by H ir s t  in  1952 
(52). Fromme (34) had  d e s ig n e d  a  r e c o r d in g  t r a p  in  1918, b u t  i t  was 
n o t v o lu m e tric . The H ir s t  t r a p  was designed  to  sam ple i s o k in e t ic a l ly ,  
w i th  t h e  r a t e  o f  in t a k e  e q u a l t o  th e  sp ee d  o f th e  w in d . Wind tu n n e l  
t e s t s  u s in g  s p o re s  o f  Lvcopodium  c la v a tu m  (L) r e v e a le d  t r a p p in g  
e f f i c i e n c i e s  b e tw ee n  93.8% and  62.4% a s  th e  w in d  v a r i e d  fro m  1.5 t o  
9.3 m e te rs  s” l .  The t r a p  was b u i l t  w ith  a  wind vane so t h a t  i t  a lw ays 
faced  in to  th e  wind. Spores a re  d e p o sited  in  bands on a  moving s l id e ,  
w ith  each hand re p re se n tin g  one h o u r 's  d e p o s it . In  t h i s  way, one can 
de te rm in e  th e  tim e  of day when s p e c i f ic  sp o res  a re  being  d e p o sited , a
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d i s t i n c t  a d v a n ta g e  f o r  many s t u d i e s .  The H i r s t  t r a p  (C.F. C a s e l l a  & 
Co, London, N.1 E ng land) and  th e  s i m i l a r  B u rk h a rd  t r a p  (B urkhard  
M anufacturing Co., Rickmansworth, H erts , England), w hich t r a p s  sp o res  
on a  drum t h a t  r e v o lv e s  once e v e ry  sev e n  d a y s , a r e  com m only u se d  t o  
m onito r sp o re s  and o th e r  a irb o rn e  p a r t i c l e s .
The K ra m e r -C o ll in s  s p o re  s a m p le r  (69) i s  s i m i l a r  t o  th e  H i r s t  
t r a p .  T h i s  t r a p  w as  d e s ig n e d  t o  s a m p le  i n t e r m i t t e n t l y  o r  
c o n t in u o u s ly ,  w ith  s p o r e s  b e in g  d e p o s i t e d  on a  s l i d e  moved by a  
spring-w ound clock . The t r a p  i s  u se fu l fo r  s t u p i n g  th e  p e r io d ic i ty  
o f sp o re  r e le a s e , and i s  i s o k in e t ic  when draw ing in  a i r  a t  22.7 1 rnin” 
1 w ith  w inds o f 0.0 m s -1 . R ecently  a  new, s im i la r  t r a p  was designed  
t h a t  h as  a  7-day rev o lv in g  drum upon which sp o res  im pinge (68). Wood 
and Schm idt (132) b u i l t  a  t r a p  s im i la r  t o  th e  K ram er-C ollins sam pler 
t o  s tudy  re le a s e  o f b ra c k e t fu n g a l sp o res . The sp o res  w ere caught on 
a  s t r i p  o f  35mm f i l m ,  o f  w h ich  v a r io u s  p o r t i o n s  w ere  ex p o sed  by a  
s l i d i n g  o r i f i c e .  T h is  t r a p ,  h ow ever, r e l i e d  on s e d im e n ta t io n  t o  
sam ple sp o re  r e le a s e .
Another t r a p  d esig n  u t i l i z e s  i n e r t i a l  im p ac tio n  t o  t r a p  sp o res. 
The f i r s t  and  m ost p o p u la r  m odel i s  th e  r o to r o d  s a m p le r  (Ted Brown 
A sso c ., Los A l to s ,  CA), o r i g i n a l l y  d e s ig n e d  by P e r k in s  (96). The 
tra p p in g  s u r fa c e s  a re  two s t ic k y  arm s s e t  on b ra s s  rods. These rods 
sp in  a t  approx im ate ly  2400 RPM t o  sam ple a i r  a t  a  r a te  o f 120 l i t e r s  
p e r  m inu te  (46). Advantages of th e  ro to ro d  sam pler in c lu d e  low c o s t, 
l i g h t  w e ig h t ,  l a r g e  sa m p lin g  vo lu m e, and  b a t t e r y  o p e r a t io n  f o r  
s a m p lin g  i n  re m o te  a r e a s .  A d is a d v a n ta g e  a r i s e s  when u sed  f o r  lo n g  
p e rio d s  o f tim e , a s  th e  ro to ro d s  ten d  t o  c o l le c t  to o  many p a r t i c l e s ,  
m ak ing  th e  t a s k  o f  c o u n t in g  s p e c i f i c  s p o r e s  o r  p o l l e n  much m ore
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d i f f i c u l t .
C o n ce rn in g  r o to r o d s ,  E dw ards (26) em phasized  th e  im portance of 
c o l le c t io n  e f f ic ie n c y  w hich m ust be co n sid ered  when u t i l i z i n g  ro ta t in g  
arm  im p a c tio n  s a m p le r s .  The e f f i c i e n c y  v a r i e s  w i th  t h e  s i z e  o f  th e  
p a r t i c l e ,  and may cause e rro n e o u s  e s t i m a t e s  o f  s p o re  c o n c e n t r a t io n .  
He developed an e q u a tio n  fo r  com putation  o f a  p a r t i c l e  p a ram ete r, p, 
w h ich  i s  u n iq u e  f o r  e ac h  s i z e  o f  p a r t i c l e .  I f  p  i s  g r e a t e r  th a n  10, 
th a n  one can  assum e an  e f f i c i e n c y  o f 100%. A c h a r t  d e v is e d  by N o ll 
(26) sh o u ld  be c o n s u l t e d  t o  d e te rm in e  th e  a c t u a l  e f f i c i e n c y  f o r  
p a r t i c l e s  w ith  p  v a lu e s  l e s s  th a n  10. A p p ro p r ia te  m o d i f i c a t i o n s  o f  
t h e  c o l l e c t i o n  s u r f a c e  s i z e  s h o u ld  t h e n  b e  m ade t o  i n c r e a s e  
e f f ic ie n c y .
The r o t o s l i d e  (94) i s  a  t r a p  s i m i l a r  t o  t h e  r o to r o d ,  e x c e p t  
p a r t i c l e s  a re  im pacted  on m icroscope s l id e  edges co a ted  w ith  s i l i c o n  
g rease  which r o ta te  a t  app rox im ate ly  1500 KPM. H ie t r a p  was designed  
by Ogden and  R aynor t o  s tu d y  p a r t i c l e  d i s p e r s a l  i n t o  and  w i t h i n  a 
f o r e s t .
As m e n tio n e d , an  im p o r ta n t  c h a r a c t e r i s t i c  o f  any s p o re  t r a p  i s  
i t s  e f f ic ie n c y  o f c o l le c t io n .  Hie degree o f e f f ic ie n c y  d e s ir e d  w i l l  
depend  on th e  n a tu r e  o f  t h e  s tu d y . A l e s s  e f f i c i e n t  t r a p  su ch  a s  a  
s l i d e  m ig h t be  u sed  w hen th e  p a r t i c l e  c o n c e n t r a t io n  i s  h ig h ,  
e s p e c i a l l y  i f  q u a l i t a t i v e  r a t h e r  th a n  q u a n t i t a t i v e  r e s u l t s  a r e  th e  
p r im a ry  o b j e c t i v e  o f  t h e  s tu d y . More e f f i c i e n t  t r a p s  m ust be u sed  
when th e  c o n c e n tra tio n  o f p a r t i c l e s  i s  low. For exam ple, H ir s t  and 
S tedm an (53) com pared  th e  d e t e c t i o n  t h r e s h o ld s  o f  g l a s s  s l i d e s  
i n c l in e d  a t  a  4 5 °  a n g le ,  t o  t h a t  o f a  H i r s t  t r a p .  T h re s h o ld s  f o r  
s p o re s  o f  Lvcopodium  an d  U s t i l a g o  sp  w e re , r e s p e c t i v e l y ,  260 and
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13,000  s p o re s  m“ 3 o f  a i r  f o r  th e  s l i d e s ,  and  2 and  2 s p o r e s  m-3  f o r  
th e  H i r s t  t r a p ,  a t  a  w ind  sp ee d  o f  1.1 m s - 1 . The e f f i c i e n c y  o f  th e  
s t i c k y  s l i d e s  in c r e a s e d  d r a m a t i c a l l y  a s  th e  sp e e d  o f th e  w ind  
in c re a se d , b u t never approached th a t  o f th e  v o lu m e tric  tra p .
S ev era l o th e r  s tu d ie s  have compared th e  r e l a t iv e  e f f i c i e n c ie s  o f 
v a r io u s  t r a p s .  L e u sch n e r and Boehm (74,75) d e v is e d  an in d iv id u a l  
p o l l e n  c o l l e c t o r  t o  be  w orn by a l l e r g y  p a t i e n t s .  The c o l l e c t o r  
c o n s i s t e d  o f  a  v a s e l in e - c o a t e d  s l i d e  w hich  w as p la c e d  in  a  w h ite ,  
p l e x i g l a s s  d e v ic e  d e s ig n e d  t o  s im u la te  th e  sh ap e  o f  a  human n o s t r i l  
and ey e  s o c k e t .  They com pared  th e  in d iv id u a l  p o l l e n  c o l l e c t o r  t o  a 
B u rk h a rd  t r a p  and  fo u n d  no q u a l i t a t i v e  d i f f e r e n c e s  b e tw ee n  th em , 
a lthough  th e re  w ere q u a n t i t a t iv e  d if f e r e n c e s  in  th e  r a t i o s  o f c e r ta in  
ty p e s  of p o lle n . However, th e  p o lle n  c o l le c to r  was u se fu l because i t  
cou ld  d e te c t  "clouds" o f  p o lle n , th u s  p ro v id in g  a  q u a l i t a t i v e  p o lle n  
map o f th e  p a t i e n t 's  t r a v e ls .
Eversm eyer e t  a l .  (29) compared th e  tra p p in g  e f f ic ie n c y  o f t h e i r  
7 -d ay  drum  s a m p le r  t o  th e  o r i g i n a l  K ra m e r-C o ll in s  s a m p le r  and th e  
H i r s t  t r a p .  T hey  r e l e a s e d  50 mg o f  P u c c i n i a  g r a m i n i s  P e r s .  
u re d o s p o re s  i n  a  w in d  tu n n e l  and  s im u l ta n e o u s ly  o p e r a te d  th e  t h r e e  
t r a p s .  G la s s  ro d s  and  r o to r o d s  w ere  in c lu d e d  t o  m o n ito r  th e  
u n i f o r m i ty  o f  th e  s p o re  c lo u d . The t h r e e  t r a p s  w ere  s i m i l a r  in  
tra p p in g  e f f ic ie n c y , and th e  t r a p  one would choose would depend upon 
th e  n a tu r e  o f  th e  s tu d y . The K ra m e r-C o ll in s  t r a p  i s  m ore v e r s a t i l e  
and re a d ily  a d ap tab le  to  s tudy  th e  a i r  f lo r a  in  a  v a r ie ty  o f h a b i ta t s  
and lo c a t io n s . The H ir s t  t r a p  i s  s u i te d  fo r  use  a t  ground le v e l ,  and 
i s  l im i te d  by i t s  bulky s iz e  (29).
T a te  e t  a l .  (125) c o n d u c te d  f i e l d  and  w ind  tu n n e l  s t u d i e s  to
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com pare t h e  e f f i c i e n c y  o f  t h e i r  c y c lo n e  t r a p  t o  th e  H i r s t  t r a p  ( th e  
s tan d a rd  f o r  th e  f i e ld )  and a  Cascade Im pacter. The cyclone t r a p  was 
more e f f i c i e n t  th an  e i th e r  o f th e  o th e r  tw o t r a p s ,  e s p e c ia l ly  a t  low 
spore  c o n c e n tra tio n s , and in  one f i e l d  t e s t  caught s ix  tim e s  a s  many 
s p o r e s  a s  t h e  H i r s t  t r a p .  A b e n e f i c i a l  f e a t u r e  o f  th e  c y c lo n e  s p o re  
t r a p  i s  i t s  a b i l i t y  t o  c o l l e c t  v i a b l e  s p o re s  in  th e  f i e l d ,  a l th o u g h  
sp o res  o f  M o n ilin ia  f r u c t i c o la  (Wint.) tended  to  s t i c k  to  th e  w a lls  o f 
th e  c o l le c to r .
S u tto n  and Jones (118) compared ro to ro d s , a  Burkhard t r a p ,  g la s s  
rods, and s l id e s  t o  de te rm in e  th e  r e l a t i v e  a b i l i t i e s  o f th e se  t r a p s  to  
t r a p  asco sp o res  o f V. in a e q u a lis . T h e ir  purpose was to  f in d  th e  t r a p  
b e s t  s u i te d  fo r  m o n ito rin g  ascospore  d isch a rg e  in  a  w arning system  fo r  
grow ers. They reco rded  th e  t o t a l  c a tc h  by each t r a p  a s  a  p e rcen tag e  
o f  th e  s e a s o n 's  t o t a l .  The g l a s s  ro d s  w ere  1.5 t o  4 t im e s  m ore 
e f f i c i e n t  th a n  th e  g l a s s  s l i d e s ,  b u t  n e i t h e r  t r a p  w as co m p a rab le  t o  
th e  B u rk h a rd  t r a p .  The r o to r o d s  w ere  a s  e f f i c i e n t  a t  t r a p p in g  
asco sp o res  as  th e  B urkhard t r a p  when p laced  0.45 m above th e  ground a t  
a l l  b u t low le v e l s  o f a scospo re  co n ce n tra tio n . In c o n s is te n c ie s  a t  th e  
low le v e l s  w ere p o s s ib ly  due to  th e  f a c t  th a t  th e re  were more ro to ro d  
t r a p s  used in  th e  s tudy . The ro to ro d s  were b e t te r  s u i te d  fo r  ro u tin e  
m o n ito rin g  of V. in a e q u a lis  a sco sp o res  because of t h e i r  low c o s t  and 
ease  o f u se , b u t i t  was suggested  t h a t  th ey  be used in  o rch ard s  known 
to  c o n ta in  h igh  le v e l s  o f inoculum .
Economics was an im p o rtan t f a c to r  in  th e  developm ent o f tw o o th e r 
s p o re  t r a p s  u sed  t o  m o n ito r  V. i n a e q u a l i s  a s c o s p o re s .  G adoury and 
MacHardy (36) d e s ig n e d  a  t r a p  s i m i l a r  in  d e s ig n  and f u n c t io n  t o  th e  
B u rk h a rd  t r a p ,  a t  10% o f  th e  c o s t .  The m a jo r c o s t  s a v e r  w as th e  u se
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o f p o ly v in y l c h lo r id e  (PVC) in s te a d  o f s t a i n le s s  s t e e l  and c a s t  a l lo y . 
The tra p p in g  e f f ic ie n c y  of th e  PVC t r a p  was te s t e d  by tra p p in g  c o n id ia  
o f  M. f r u c t i c o la  in  la b o ra to ry  s tu d ie s  and by tra p p in g  asco sp o res  o f 
V. i n a e q u a l i s  in  o rc h a rd  s t u d i e s .  In  b o th  s i t u a t i o n s ,  th e  t r a p p in g  
e f f i c i e n c y  o f  t h e  PVC w as e q u a l t o  t h a t  o f  th e  B u rk h a rd  t r a p .  The 
t r a p s  have  b een  u sed  s u c c e s s f u l l y  in  ep id em io lo g ica l s tu d ie s  a t  th e  
U n iv e rs ity  o f New Hampshire.
PVC i s  a ls o  th e  p redom inant m a te r ia l  used in  th e  t r a p  designed  by 
Zuck (135,136). T h is  t r a p  c o s t  $50 to  c o n s tru c t  in  1984, and has been 
used by grow ers in  th e  s t a t e  o f Maine in  t h e i r  management program s fo r  
ap p le  scab . T w en ty -fiv e  s im i la r  t r a p s  were c o n s tru c te d  and u t i l i z e d  
in  t h i s  study  (Appendix A).
I f  c o s t  i s  n o t  a  c o n s id e r a t i o n ,  one m ig h t c o n s id e r  th e  t r a p  
d e s ig n e d  by G o ttw a ld  and  T e d d e rs  (41). A lthough  t h i s  t r a p  c o s t  
a p p ro x im a te ly  $75.00 t o  b u i ld ,  i t  w as d e v e lo p e d  t o  be p la c e d  on a 
m in ia tu re  drone (rem ote ly  p i l o t e d  v e h ic l e )  t h a t  w ould  c o s t  a t  l e a s t  
$700 -  $1000 to  b u ild , an in v estm en t l o s t  w ith  th e  f i r s t  c o n fro n ta tio n  
w i th  w ind  s h e a r  and  o th e r  c r a s h - in d u c in g  phenom ena. I t  w ould  seem  
th a t  th e  s c a le  o f a g r ic u l tu r e  in  New England prom pts Yankee in g en u ity  
t o  d e s ig n  low  c o s t  s p o re  t r a p s ,  w h i le  r e s e a r c h e r s  in  r e g io n s  w ith  
la rg e  s c a le  a g r ic u l tu r e  have s o p h is t ic a te d ,  e le c t r o n ic  model a irp la n e s  
t o  house t h e i r  sp o re  t r a p s I
In  co n c lu s io n , th e r e  i s  a  la rg e  v a r ie ty  o f sp o re  t r a p s  a v a i la b le  
f o r  s a m p lin g  th e  a i r  s p o ra . The c h o ic e  o f  a  t r a p  w i l l  depend  upon 
th e  in d iv id u a l  n e ed s  o f  th e  r e s e a r c h e r  a s  w e l l  a s  any f i n a n c i a l  
c o n s t r a in ts  which m igh t be imposed. The cho ice  o f t r a p  in  t h i s  s tudy  
w as b a se d  upon th e  e a s e  w ith  w h ich  i t  c o u ld  be b u i l t ,  t h e  low  p r i c e ,
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and th e  a b i l i t y  t o  d e te rm in e  q u a n t i t a t i v e l y  th e  d e n s i t y  o f  a i r b o r n e  
a sco sp o res .
I I .  SELECTED STUDIES THAT UTILIZED SPORE TRAPS
W ebster's  New C o lle g ia te  D ic tio n a ry  (133) d e f in e s  d i s p e r s a l  a s  
" ...th e  p ro cess  or r e s u l t  o f th e  sp read in g  o f organism s from one p lace  
t o  a n o th e r " ,  and  d i s s e m i n a t e  a s  t h e  p r o c e s s  o f  " . . . d i s p e r s i n g  
th ro u g h o u t"  o r  " . . . s p r e a d in g  a b ro a d  a s  th o u g h  so w in g  see d " . In  
p r e p a r in g  t h i s  re v ie w  o f  s t u d i e s  in v o lv in g  s p o re  t r a p p in g ,  many 
a r t i c l e s  h ave  b een  r e t r i e v e d  b e c a u se  th e  t i t l e  in c lu d e d  th e  w ord 
d is p e r s a l  o r d is s e m in a t io n  (1 7 ,3 0 ,3 2 ,5 6 ,5 9 ,9 5 ,1 0 3 ,1 1 6 ,1 1 9 ,1 2 9 , e .g .) .  
Upon re a d in g  th e  a r t i c l e s ,  i t  w as d is c o v e re d  t h a t  w h a t w as b e in g  
r e p o r te d  w e re , m ore o f t e n  th a n  n o t ,  p a t t e r n s  and  p e r i o d i c i t y  o f  
r e l e a s e ;  i . e .  when th e  s p o re s  w ere  b e in g  d i s p e r s e d ,  n o t  w here  th e y  
w ere  d i s p e r s e d .  Some o f  t h e s e  s t u d i e s  a r e  d i s c u s s e d  b r i e f l y  a s  a 
p re lu d e  to  a  d is c u s s io n  on s tu d ie s  conducted to  model spore  d is p e r s a l .
The H i r s t  v o lu m e t r i c  s p o re  t r a p  h a s  o f t e n  b een  u sed  t o  s tu d y  
s p o re  r e l e a s e  and d i s p e r s a l  o f  many im p o r ta n t  p l a n t  p a th o g e n s . 
S re e ra m u lu  (109) ex am in ed  s e a s o n a l  and d i u r n a l  p e r i o d i c i t i e s  o f  
s e v e ra l fu n g i. On a  sea so n a l b a s is ,  he found th a t  pathogens were more 
p r e v a l e n t  e a r l y  i n  t h e  s e a s o n  when c ro p s  w e re  a c t i v e l y  g ro w in g , and 
sap rophy tes  w ere more common l a t e r  in  th e  season  a s  c rops m atured. He 
n o te d  d iu r n a l  p e ak s  f o r  o rg a n is m s  r e p r e s e n t in g  s e v e r a l  g e n e ra  o f  
fu n g i ,  in c lu d in g  u s t i l a g o ,  E r v s ip h e , H e lm in th o sp o r iu m . B o t r v t i s , 
P o lv th rin c iu m  and Epicoccum.
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G reg o ry  and  S tedm an  (4 8) s t u d i e d  a i r b o r n e  " d i s p e r s a l "  o f  
Q p h io b o lu s  g r a m in is  S a c c ., t h e  p a th o g e n  c a u s in g  t a k e - a l l  d i s e a s e  o f  
w h e a t, by p la c i n g  a  H i r s t  t r a p  o v e r  w h ea t s tu b b le  p r i o r  t o  p lo w in g . 
T a k e - a l l  i s  a  r o o t  d i s e a s e ,  th u s  th e  a e r i a l  d i s s e m in a t io n  o f  th e  
pathogen i s  g e n e ra lly  co n sid ered  un im portan t. However, a sco sp o res  o f 
0 . g r a m in is  w ere  t r a p p e d ,  w ith  a  peak  o f  3700 s p o re s  m~3 a i r . The 
p resence  o f asco sp o res  was alw ays a s s o c ia te d  w ith  ra in ,  a s  sp o re s  were 
n e v e r  c a u g h t on r a i n l e s s  d ay s . A minimum o f  2.5 mm o f  r a i n  w as 
n e c e s s a ry  t o  in d u c e  r e l e a s e ,  an d  w ith  p ro lo n g e d  r a i n s  th e  su p p ly  o f  
m ature  sp o res  was e v e n tu a lly  exhausted . The p a t te r n  of re le a s e  by 0. 
g ra m in is  w as s i m i l a r  t o  t h a t  o f  V e n tu r ia  i n a e q u a l i s  (13), a l th o u g h  
l i b e r a t i o n  f o l lo w in g  com m encem ent o f  p r e c i p i t a t i o n  o c c u r re d  m ore 
q u ic k ly  (1 h o u r v s  3) f o r  0 . g r a m in is . I n t e r e s t i n g l y ,  a s c o s p o r e s  o f  
0. g ra m in is  have no t been shown t o  i n i t i a t e  in fe c t io n s .
S c le r o t in ia  f r u c t ic o la  (Wint.) Riehm. h a s  a  d iu r n a l  p e r i o d i c i t y  
of asco sp o re  r e le a s e  s im i la r  t o  t h a t  of 0. g ram in is  and V. in a e q u a lis , 
b u t d i f f e r s  from  th e se  fu n g i in  th a t  th e  asco sp o res  a re  a component o f 
t h e  d ry  a i r  s p o ra  in  o rc h a rd s .  H ow ever, a  n ig h t t im e  dew m ig h t be 
re q u ire d  fo r  norm al fu n c tio n  o f th e  a p o th ec ia  (124).
M e r id i th  (88) ex am in ed  r e l e a s e  o f  c o n id ia  by D e ig h to n ie l l a  
t o r u l o s a  (Syd.) E l l i s ,  th e  c a u s a l  a g e n t  o f  f r u i t  s p o t  o f  b a n a n a s . A 
s in g le  H ir s t  t r a p  p laced  o e n tr a l ly  in  a  p la n ta t io n  d em onstra ted  t h a t  
sp o re  r e le a s e  was on a  d iu rn a l c y c le , w ith  r e le a s e  o ccu rrin g  betw een 
0600 and 0800 h o u rs  c o in c i d e n ta l  w i th  a  d ro p  in  r e l a t i v e  h u m id ity . 
T h is  p e r i o d i c i t y  c o r r e l a t i o n  w i th  r e l a t i v e  h u m id ity  i s  s i m i l a r  t o  
a n o th e r  m o n il ia c e o u s  fu n g u s , D r e c h s le r a  t u r c i c a  (P ass .)  Subram . & 
J a i n ,  th e  c a u s a l  a g e n t  o f  n o r th e r n  c o rn  l e a f  b l i g h t  (72). Low
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r e l a t i v e  h u m id ity  a ls o  fav o red  d i s p e r s a l  o f  P o d o sp h a e ra  l e u c o t r i c h a  
( E l l .  & Ev.) Salm . in  a p p le  o rc h a rd s  (119).
B o t r v t i s  c in e r e a  P e r s .  i s  a  u b iq u i to u s  p a th o g e n , t o  th e  p o in t  
w here  i t  h a s  b een  c a u g h t above  th e  A t l a n t i c  O cean (46). C o n id ia l  
r e le a s e  in  ra sp b e rry  p la n ta t io n s  fo llo w ed  a  d iu rn a l p e r io d ic i ty ,  w ith  
a  peak c o n c e n tra tio n  a t  midday and a  s m a lle r  peak in  th e  evening (59). 
D esp ite  i t s  common o ccu rren ce  in  th e  atm osphere, numbers of sp o re s  in  
a re a s  where B. c in e re a  i s  n o t a  problem  compared to  numbers w here i t  
i s  a  problem  le d  J a r v i s  (59) t o  su g g es t t h a t  lo c a l ly  produced inoculum 
i s  re sp o n s ib le  fo r  in f e c t io n s  by t h i s  fungus.
T h e re  a r e  s e v e r a l  f u n g i  w hose s p o re  r e l e a s e  d o es  n o t e x h i b i t  
d iu rn a l p e r io d ic i ty .  One fungus i s  A lte rn a r ia  dau ci (Kuhn) Groves and 
S k o lk o , th e  p a th o g e n  c a u s in g  l e a f  b l i g h t  o f  c a r r o t s .  C o n id ia  w ere  
trap p ed  more o f te n  d u rin g  day tim e hours, b u t th e  g r e a te s t  c o r r e la t io n  
was w ith  l e a f  w etness (116). C onidia o f  D ip lo d ia  gossvp ina  Cke., one 
o f  s e v e r a l  f u n g i  a s s o c i a t e d  w i th  b o l l  r o t  o f  c o t to n ,  w ere  u s u a l ly  
trap p ed  a t  n ig h t or e a r ly  m orning, when th e  r e l a t i v e  hum id ity  was near 
100% (103). Perhaps more s ig n i f ic a n t  i s  t h a t  sp o re  l e v e l s  o f t h i s  and 
o th e r a s s o c ia te d  fu n g i a re  c lo s e ly  r e la te d  t o  th e  shedding o f f lo w e rs , 
b o l l s  and sq u a res  from  c o tto n  p la n ts .
A fungus re q u ir in g  r a in  fo r  spore  r e le a s e  i s  G uignard ia  b id w e l l i i  
(E ll .)  V ia la  & R avaz, th e  c a u s a l  a g e n t  o f  b la c k  r o t  o f  g ra p e . The 
m axim um  r e l e a s e  o f  a s c o s p o r e s  c o i n c i d e d  w i t h  t h e  m axim um  
s u s c e p t ib i l i t y  of th e  v in e s  (32). A p h en o lo g ica l r e la t io n s h ip  betw een 
h o s t  and p a th o g e n  a l s o  seem s t o  o c c u r  w i th  V e n tu r ia  i n a e q u a l i s  and 
ap p le  t r e e s ,  a s  th e  peak m a tu ra tio n  o f sp o re s  u s u a lly  c o in c id e s  w ith  
th e  p e rio d  o f bloom, when a  maximum of s u s c e p tib le  t i s s u e  i s  p re se n t
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(16 ,120).
Not a l l  fu n g i  h ave  r e l e a s e  p a t t e r n s  a s  s im p le  a s  th o s e  j u s t  
g iv e n . S u t to n  an d  J o n e s  (119) s tu d ie d  th e  e f f e c t s  o f  i n d iv id u a l  
env ironm enta l f a c to r s  on r e le a s e  of powdery mildew c o n id ia  in  M ichigan 
a p p le  o rc h a rd s .  They d i s t i n g u i s h e d  th r e e  ty p e s  o f  s p o re  d i s p e r s a l  
p a t te rn s .  Type 1 was a  d iu rn a l p a t te rn ,  w ith  d e n s i t ie s  in c re a s in g  in  
th e  m orning a f t e r  le a v e s  were d r ie d  and rem ain ing  h igh  u n t i l  2000 to  
2200 h r. F i f ty - f iv e  p e rc e n t o f th e  spo res trap p ed  f i t  t h i s  ca tago ry . 
T h i r ty - f iv e  p e rc en t o f th e  sp o res  trap p ed  w ere in  ty p e  2, i .e . ,  sp o re s  
w ere abundant th roughou t th e  day w ith  no ap p aren t p e r io d ic i ty .  Type 3 
d i s p e r s a l  c o n s i s t e d  o f a  low  p e rc e n ta g e  o f s p o r e s  c a u g h t d u r in g  
r a i n f a l l ,  when a irb o rn e  spore  d e n s ity  would be very  h igh  i n i t i a l l y  and 
th en  f a l l  t o  v e ry  low le v e ls .  The au th o rs  concluded th a t  in d iv id u a l 
env ironm enta l f a c to r s  may be im p o rtan t, bu t th e  in te r a c t io n  o f th e se  
f a c to r s  has th e  g r e a te s t  e f f e c t  on d is p e r s a l .
Faulkner and Colhoun (30,31) in v e s t ig a te d  th e  a irb o rn e  d is p e r s a l  
o f  c o n id ia  o f  L e p to s p h a e r ia  nodorum  M u lle r . The fu n g u s  a t t a c k s  
gram ineous c ro p s  and was n o t co n sid ered  l i k e ly  t o  be d isp e rse d  through 
th e  a i r  b e c a u se  i t s  s p o r e s  a r e  p ro d u ced  in  p y c n id ia  and  exuded  in  a 
c i r r u s .  A s p o re  t r a p  w as d e v e lo p e d  b a se d  on th e  p r e - im p in g e r  t r a p  
developed by May and D ru e tt (86). The t r a p  c o l le c te d  p y cn id io sp o res  
o f  th e  fu n g u s  i n  an  aq u eo u s  s o l u t i o n  o f 12.5% g ly c e r o l .  The s p o re s  
w ere  c o n c e n t r a te d  by c e n t r i f u g a t i o n ,  re s u sp e n d e d , c o u n te d  on a  
h a em o cy to m e te r t o  d e te r m in e  a i rb o rn e  c o n c e n tra tio n , and th e n  seeded 
o n to  Czapek-Dox v-8  agar t o  d e term ine  t h e i r  v i a b i l i t y .  V iab le  co n id ia  
w ere  t r a p p e d  2 m above a  g ro w in g  c ro p , 2 m above s tu b b le  o f  a  c ro p , 
and  1 m dow nw ind fro m  a c ro p , d e m o n s t r a t in g  th e  p o t e n t i a l  f o r  lo n g
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d i s t a n c e  a e r i a l  d i s p e r s a l  o f  th e  p a th o g e n . The a u th o r s ' c o n je c tu r e  
t h a t  sph aero p sid ac io u s  fu n g i m ight be a e r i a l l y  d isp e rse d  was supported  
by C arnegie (17). He trap p ed  v ia b le  co n id ia  o f a  s im i la r  fungus, Phoma 
e x ig u a  Desm. v a r  f o v e a ta  ( F o i s t e r ) ,  t h e  c a u s a l  a g e n t  o f  p o t a to  
gangrene d is e a s e , 100 m downwind from  th e  n e a re s t  sou rce  of sp o re s , a  
fa llo w  p o ta to  f ie ld .
T i s s e r a t  and  K untz (126) p la c e d  r o to r o d s  6.2 m above  th e  g ro u n d  
t o  t r a p  th e  c o n id ia  o f  a  t h i r d  s p h a e r o p s id a c io u s  fu n g u s , S iro c o c c u s  
c la v iq ig n e n t i - iu q la n d a c e a r u m  N a ir , e t  a l . ,  a  fu n g u s  w hich  i s  a 
sp ea k e r 's  n igh tm are  a s  w e ll a s  th e  cau sa l ag en t o f  B u tte rn u t canker 
d ise a se . F in a l ly , B ertran d  and E ng lish  (10) desig n ed  t h e i r  own fu n n e l 
t r a p s  and d e te c te d  co n id ia  o f V alsa  leucostom a (Pers:F r) F r. 78 m from  
an inoculum  source.
In  co n c lu sio n , sp o re  t r a p s  have been used in  a  number o f ways to  
s tu d y  th e  e c o lo g y  o f  p l a n t  p a th o g e n s  and  e p id e m io lo g y  o f  p l a n t  
d i s e a s e s .  T h e ir  u se  h a s  e n a b le d  p a t h o l o g i s t s  t o  " se e "  p a th o g e n  
p ropagu les a s  they  a re  d is se m in a te d  to w ard s  th e  h o s t  p la n t .  Improved 
v i s i o n  o f d i s s e m in a t io n  p r o c e s s e s  h a s  e n a b le d  p a t h o l o g i s t s  t o  
recom m end c o n t r o l  m e a su re s  f o r  some d i s e a s e s  m ore e f f e c t i v e l y  and  
e f f i c i e n t l y .
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I I I .  MODELINS OF SPORE DISPERSAL
Modeling o f sp o re  d is p e r s a l  re q u ire s  th e  in te g ra t io n  o f p h y s ica l 
th e o r ie s  o f p a r t i c l e  d is p e r s io n  w ith  recorded  e v en ts  in  th e  f i e l d  v ia  
complex m athem atics. Id e a lly , a  sp o re  d is p e r s a l  model should  p re d ic t  
th e  ex ac t number o f sp o re s  found a t  any d is ta n c e  from  a  known amount 
of spo res re le a se d  a t  th e  source. A ll t h a t  would be re q u ire d  would be 
th e  w ind  d i r e c t i o n ,  s p e e d , s u r f a c e  to p o g ra p h y , an d  m e te o r o lo g ic a l  
p a ram ete rs  such a s  r a in ,  te m p e ra tu re , and r e la t iv e  hum id ity . As w ith  
o th e r  m o d e ls  o f  e n v iro n m e n ta l  phenom ena, th e  th e o ry  and  r e a l i t y  o f  
spore  d is p e r s a l  a re  d i f f i c u l t  to  u n ite !
D is e a s e  g r a d i e n t s  have been  u sed  a s  i n d i c a t o r s  o f  d i s p e r s a l  
g ra d ie n ts . Newhall (92) s tu d ie d  th e  d ise a se  g ra d ie n t of onion dowry 
m ild ew , c au se d  by P e ro n o sp o ra  d e s t r u c t o r  (B erk.) C asp , from  an  
abandoned garden th a t  was th e  inoculum  source th roughout a  v a lle y . A 
d ecrease  in  d is e a s e  in c id en ce  w ith  d is ta n c e  downwind from  th e  inoculum  
source  dem onstrated  t h a t  c o n id ia  w ere a irb o rn e . V iab le  c o n id ia  were 
a ls o  trap p ed  on w a te r  agar from  an a irp la n e . W ilson and Baker (130) 
u sed  d i s e a s e  g r a d i e n t s  t o  c o r r e l a t e  th e  s p re a d  o f  brow n r o t  b lo sso m  
d i s e a s e  o f  p e ac h , c a u se d  bv S c l e r o t i n i a  la x a  (A ld erh . & Ruhl) Honey, 
w ith  env ironm enta l f a c to r s  in f lu e n c in g  th e  d is se m in a tio n  o f sp o res  in  
an o rchard . Unsprayed t r e e s  in  th e  m iddle o f th e  o rch ard  p rov ided  a 
s o u rc e  o f  in o cu lu m . B ecau se  o f  w e a th e r  c o n d i t io n s ,  a l l  b lo sso m
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in f e c t io n s  occu rred  d u rin g  one in f e c t io n  p e rio d  in  b o th  1939 and 1940, 
f a c i l i t a t i n g  th e  c o r r e la t io n  o f d is e a s e  sp read  w ith  d is ta n c e  from th e  
inoculum  source.
In  b o th  y e a r s  b lo sso m  dam age d e c r e a s e d  w ith  d i s t a n c e  from  th e  
inoculum  source. As th e  d is ta n c e  in c re a se d  to  22, 44, 66, and 88 f e e t
from th e  so u rce , p e r  c e n t in f e c t io n  dropped to  39, 21, 12, and 6.5% o f
d i s e a s e  a t  th e  s o u rc e  i n  1939, and  55, 40, 28, and  23%, r e s p e c t i v e l y ,  
in  1940. The d if f e r e n c e  betw een th e  two y e a r s  was d i r e c t ly  r e la te d  to  
an  i n c r e a s e  in  w in d  s p e e d  in  1940. Tw enty o f  32 upw ind t r e e s  had  
blossom  in fe c t io n  ( le s s  th an  1%), in d ic a t iv e  of background inoculum  or 
upwind d is p e r s a l .
D is p e r s a l  g r a d i e n t s  w e re  u sed  t o  e s t a b l i s h  th e  e t i o l o g i c a l  
r e la t io n s h ip  betw een Podosphaera  l e u c o t r i c h a  ( E l l .  & Ev.) S a lm ., th e  
c a u s a l  a g e n t  o f  pow dery  m ildew  o f  a p p le  and p o s s ib ly  r u s ty  s p o t  o f  
peach (100). I t  was a l le g e d  (22,84), b u t no t confirm ed, t h a t  th e  same 
fu n g u s  c a u s e s  b o th  d i s e a s e s .  D is e a s e  in c id e n c e  a lo n g  a  t r a n s e c t  o r  
s t r a ig h t  l i n e  v a r ie d  such th a t  p lo t t in g  th e  number o f in fe c t io n s  (y)
a g a in s t  d is ta n c e  t r a v e le d  (x) produced a  s t r a ig h t  l i n e ,  w ith  th e  s lo p e
of th e  l i n e  (b) th e  m easured d is e a se  g ra d ie n t. The l in e a r  re g re s s io n  
o f  lo g ^ g y  a n d lo g iQ x w as c a l c u l a t e d  u s in g  th e  e q u a t io n  y  = a  + bx, 
w h ere  y  = lo g ^ g  o f  th e  p e r c e n t  o f  i n f e c t e d  f r u i t  a t  x, th e  th e  lo g ^ g  
o f  th e  d i s t a n c e  from  th e  s o u rc e . The in o cu lu m  s o u rc e  w as an  a p p le  
o rch ard  w ith  ap p ro x im a te ly  1% in fe c t io n ,  and d is e a se  was m easured 8, 
24, 40, 56, 72, and 90 m e te rs  downwind in to  an a d ja c e n t peach orchard . 
R e g re s s io n  a n a l y s i s  p ro v id e d  s i g n i f i c a n t  c o r r e l a t i o n  (p = 0.01) 
b e tw ee n  th e  m easu red  d i s e a s e  g r a d i e n t  w i t h i n  t h e  p each  o rc h a rd  and 
d is ta n c e  from  th e  so u rce  ap p le  t r e e s ,  w ith  a  g re a te r  c o r r e la t io n  when
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d is e a s e  was reco rded  a s  th e  number o f le s io n s  p e r f r u i t .  T h e ir d a ta , 
when combined w ith  th e  knowledge th a t  ru s ty  sp o t d is e a se  i s  only  found 
on peach t r e e s  grown n ear ap p le  t r e e s  w ith  powdery m ildew , p rov ided  
s t r o n g  e v id e n c e  t h a t  P. l e u c o t r i c h a  w as in d e e d  th e  c a u s a l  a g e n t  o f 
ru s ty  sp o t d is e a s e  o f peach.
L in  (76) a n a ly z e d  d i s e a s e  g r a d i e n t s  o f  sorghum  downy m ild ew , 
c a u se d  by P e ro n o s p o ra  m a n sh u r ic a  (Naum.) Syd. ex Gaum. I n o c u la te d  
p l a n t s  w ere  p la c e d  in  th e  e x tre m e  upw ind c o r n e r  o f  a f i e l d ,  and th e  
amount o f  d is e a s e  was reco rded  weekly a t  v a r io u s  p o in ts  a long  s e v e ra l 
a r c s  w hich  w ere  3 .0 , 6 .1 , 12 .2 , 18 .3 , and 27.3 m from  th e  i n i t i a l  
i n f e c t i o n  fo c u s . A l i n e a r  r e g r e s s io n  o f  d i s e a s e  in c id e n c e  a g a i n s t  
d is ta n c e  was c a lc u la te d  u sing  th e  same eq u a tio n  used by R ies and Rcyse 
(100). The v a lu e  o f b ( r e p re s e n ta tiv e  o f th e  s te e p n e ss  o f th e  d is e a s e  
g r a d ie n t )  w as -0 .4 1 , -0 .3 2 , -0 .0 8 , and  0.03 a f t e r  30, 44, 58, and 72 
days. The f la t t e n in g  o f th e  g ra d ie n t was c o in c id e n ta l  w ith  uniform  
in c r e a s e  o f  d i s e a s e  in c id e n c e  th ro u g h o u t th e  p l o t .  L in  had  a l s o  
p laced  s e v e ra l ro to ro d  sam plers  above th e  crop  a t  3.0, 12.2 and 27.4m 
from  th e  in o cu lu m  s o u rc e ,  b u t  he  made no a t t e m p t  t o  c o r r e l a t e  th e  
n u m bers  o f  s p o r e s  t r a p p e d  w i th  d i s e a s e  s e v e r i t y  o r  m e te r o lo g ic a l  
re c o rd s .
D isease  g ra d ie n ts  fo r  peach powdery m ildew, caused by Oidium sp ., 
w ere a ls o  analyzed  t o  de te rm in e  th e  d is ta n c e  re q u ire d  t o  i s o l a t e  peach 
t r e e s  from w ild  ro se s , th e  i n i t i a l  sou rce  o f inoculum  (63). D isease 
was m easured a t  s e v e ra l  d is ta n c e s  in to  an o rch ard  t h a t  had a  s t r i p  o f 
r o s e s  a d ja c e n t  t o  i t .  The d a ta  w e re  u sed  t o  com pare th e  m o d e ls  o f  
G regory (44) and K ityosaw a and Shiyam i (67) (see below ). The Gregory 
m odel had  th e  b e s t  f i t ,  a l th o u g h  i t  o v e r - p r e d ic t e d  th e  am ount o f
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d ise a se  near th e  source  o f inoculum . The a u th o rs  concluded th a t  27 t o  
71 m ete rs  w ere re q u ire d  fo r  e f f e c t iv e  i s o la t io n  o f peach t r e e s .
The m odels used t o  analyze  d is e a se  g ra d ie n ts  in  th e  above s tu d ie s  
a r e  tw o  o f  s e v e r a l  m o d e ls  d e v e lo p e d  t o  e s t i m a te  t h e  s p a t i a l  
d i s t r i b u t i o n  o f  in o cu lu m  o r  i n f e c t i o n  a ro u n d  a  s o u rc e . T hese  m o d e ls  
w ere  a l l  r e c e n t ly  ex am in ed  by L am b ert (70) e t  a l .  who d e v e lo p e d  a  
g en era l model fo r  d is e a s e  g ra d ie n t a n a ly s is .  A m ajor p o in t o f Lam bert 
e t  a l . (70) w as t h a t  a l th o u g h  th e  s lo p e  o f  e ach  m odel w as v a r i a b l e ,  
a llo w in g  fo r  d i f f e r e n t  g ra d ie n ts ,  th e  shapes o f th e  cu rv es  them selves 
w ere  a l l  f ix e d ,  p r e v e n t in g  a d e q u a te  a n a l y s i s  o f d a ta  s e t s  w i th  
in te rm e d ia te  o r v a r ia b le  shapes. Based on th e  m odels o f Gregory (y = 
a  + bx) (44), K am pm eijer and  Zadoks (y = a /2 H s^  e x p ( - x ^ / 2 s ^ ) )  (70), 
an d  K iyosaw a an d  sh iy o m i (y = a e x p (-b x ))  (67) L a m b e rt, e t  a l .  (70) 
d e v e lo p e d  th e  g e n e r a l  m odel, y = e x p (-b x n ) , f o r  u se  in  d i s e a s e  o r  
d i s p e r s a l  g r a d i e n t  a n a l y s i s ,  w here  y  = l e s i o n s  p e r  p l a n t ,  b i s  th e  
s lo p e  o f th e  g ra d ie n t and x i s  th e  d is ta n c e  from th e  source.
The g e n e ra l model was a p p lie d  to  d is e a s e  index ing  d a ta  g a th ered  
a f t e r  p l a c i n g  a  s i n g l e  r i c e  p l a n t  i n f e c t e d  w i th  P v r i c u l a r i a  o rv z a e  
Cav. i n  th e  c e n te r  o f  a  2.4 m x 8 m p l o t  o f  r i c e .  F iv e  m o d e ls  w ere  
o b ta in ed  t h a t  v a r ie d  in  th e  deg ree  o f c o r re c t io n  fo r  w ind d ire c t io n .  
C o rre c tin g  fo r  w ind d i r e c t io n  s ig n i f ic a n t ly  improved th e  accuracy  of 
th e  g e n e r a l  m odel, w i th  a  maximum v a lu e  o f  75 .7 . B e s t  f i t  w as 
o b ta in ed  when n = 0.284. They advocated  use o f th e  g e n e ra l, f l e x ib le  
model because i t  was more a c c u ra te  a t  d is ta n c e s  c lo se r  t o  th e  source. 
The p r e v io u s  m o d e ls  te n d e d  t o  be  m ore a c c u r a te  a t  i n t e r m e d ia t e  
d is ta n c e s  and l e s s  a c c u ra te  n e a re r  th e  sou rce , where m ost in f e c t io n s  
o ccu r.
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A v is u a l  a l t e r n a t iv e  t o  m easuring  spo re  d is p e r s a l  i s  u t i l i z i n g  a 
m a rk e r su ch  a s  sm oke. Zadoks e t  cd . (134) u sed  a  sm oke g e n e r a to r  t o  
r e l e a s e  i s o th e r m ic  smoke p u f f s  above  a  b a r le y  c ro p . S e q u e n t ia l  
p ic tu r e s  ta k en  o f th e  p u ffs  a s  they  sp read  th rough  th e  f i e l d  rev ea led  
tw o ty p es  o f a i r  movement. One ty p e  a c te d  t o  ex tend  th e  smoke c louds 
and  th e  o th e r  d i s p la c e d  th e  e n t i r e  c lo u d  a s  a  w h o le . E ig h t  o f  t e n  
p u f f s  moved upward and tw o moved tow ard  th e  ground. In te r e s t in g ly ,  
h a l f  of th e  p u ff s  moved a g a in s t  th e  wind, which was v e ry  l i g h t  a t  th e  
tim e .
W ilson and Baker (131) g en era ted  smoke p u f f s  in  a  peach o rch ard  
by b u b b lin g  HC1 th ro u g h  a  s o l u t i o n  o f  NaOH, and  r e p o r te d  t h a t  th e  
g r e a t e s t  d i s p e r s a l  w as in  th e  h o r i z o n t a l  p la n e .  They d e v e lo p e d  a  
m odel u t i l i z i n g  a  cone  a s  a  b a s i c  g e o m e tr ic  m o d e l, w i th  th e  apex  o f  
th e  cone being  th e  p a r t i c l e  source  (130,131). D isp e rs io n  would occur 
h o r iz o n ta l ly  down and a c ro s s  th e  wind and v e r t i c a l l y ,  w ith  th e  degree 
o f  d i s p e r s i o n  b e in g  in f lu e n c e d  by th e  v e l o c i t y  o f  t h e  w ind . At low  
wind speeds, th e  degree  o f d is p e rs io n  d e c rea se s  ra p id ly  and th e  cone 
i s  more c o n tra c te d . At h igh  wind v e lo c i t i e s ,  th e  cone i s  e lo n g a ted , 
w ith  e q u iv a le n t sp o re  d e n s i t i e s  o c cu rrin g  a t  a  much g re a te r  d is ta n c e  
from  th e  sou rce  th a n  a t  low er wind speeds.
To v e r i f y  t h e  m odel a  wooden f ra m e  1 5 x 7  f e e t  w as c o n s t r u c te d  
w i th  th e  c e n te r  o f  t h e  w id e s t  p a r t  7.5 f e e t  above th e  g ro u n d . O i l -  
c o a te d  s l i d e s  w e re  p la c e d  on th e  fram ew o rk  so  t h a t  t h e r e  w ere  f i v e  
s l id e s  a t  s p e c if ie d  d is ta n c e s  from th e  source  (apex o f  th e  cone), w ith  
one s l id e  on each o f fo u r  o u te r  boundaries  and th e  f i f t h  in  th e  m idd le  
o f th e  cone. Spores o f Lvcopodium sp  w ere re le a se d  in  p u ffs  from th e  
apex. V e r t ic a l  d i s t r ib u t io n  was s tu d ie d  by p la c in g  s l id e s  a t  12 inch
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i n te r v a l s  above and below th e  c e n te r  o f th e  fram ework.
The s tan d a rd  d e v ia t io n s  o f th e  d i s t r ib u t io n  o f sp o res  w ere used 
a s  a  m easu re  o f  d i s p e r s i o n .  Two m o d e ls , s d ^  = axP , and  s d ^ x = bx^ 
w ere  d e v e lo p e d  t o  d e s c r ib e  v e r t i c a l  and h o r i z o n t a l  d i s t r i b u t i o n ,  
r e s p e c tiv e ly , where a  and b a re  c o n s ta n ts  dependent on wind speed, p 
and q a r e  num bers b e tw ee n  1 /2  and 1, x i s  t h e  d i s t a n c e  from  th e  
so u rce , and sdvx and sd^x a re  th e  s tan d a rd  d e v ia t io n s  o f d is p e r s io n  in  
t h e  v e r t i c a l  (v) and  h o r i z o n t a l  (h) p la n e ,  r e s p e c t i v e l y .  The 
ex p erim en ta l d a ta  approxim ated  th e  geo m etric  model, though th e  cone 
was expanded w ith  g re a te r  d e n s i t i e s  tow ard  th e  m iddle and h o r iz o n ta l , 
e s p e c ia l ly  n e a re r  th e  source. The experim ent was re p e a te d  in  a  f i e l d  
and  an  o rc h a rd ,  w i th  t h e  s p o re  s o u rc e  on one s id e  o f  a  t r e e  and  th e  
t r a p p in g  s u r f a c e  on th e  o th e r  s id e .  The s p o r e s  w ere  m ore w id e ly  
d isp e rse d  (as m easured by s tan d a rd  d ev ia tio n ) in  th e  o rch ard  th an  in  
th e  f i e l d .
One o f th e  more im p o rtan t sp o re  d is p e r s a l  s tu d ie s  was com pleted 
by G reg o ry  e t  a l .  (4 7 ), u t i l i z i n g  s p o r e s  o f  Lvcopodium  c la v a tu m . 
Spores w ere re le a se d  from  a  p o in t  source  in  a  f l a t  f i e l d  and trap p ed  
w ith  numerous m in ia tu re  s u c tio n  t r a p s  p laced  a t  s p e c if ie d  d is ta n c e s  up 
t o  10 m e te rs  from th e  source. Gregory (42) had p re v io u s ly  developed a  
m odel o f  s p o re  d i s p e r s a l  b a se d  on S u t to n 's  th e o ry  o f  eddy d i f f u s i o n  
(117 ), an d  t h i s  s tu d y  w as d e s ig n e d  t o  t e s t  t h a t  m odel. The in c r e a s e  
i n  h o r i z o n t a l  c r o s s - w in d  s ta n d a r d  d e v ia t i o n  w i th  d i s t a n c e  fro m  th e  
s o u rc e  w as com puted , a s  had  b een  done by W ilso n  and  B ak er (131), and  
w as fo u n d  t o  f i t  S u t t o n 's  th e o r y .  The e x p e r im e n t w as a l s o  r e p e a te d  
w i th  s i m i l a r  r e s u l t s  u s in g  s p o re s  o f  G anoderm a sp , and i t  w as 
concluded th a t  th e  s iz e  o f th e  sp o re  had l i t t l e  e f f e c t  on th e  p a t te r n
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or g ra d ie n t o f d is p e r s a l ,  a t  l e a s t  w ith in  th e  s h o r t  d is ta n c e s  used.
Sreeram ulu and Ramalingam (110) conducted a  s tudy  a s s o c ia te d  w ith  
G reg o ry  e t  a l . (47). S p o re s  o f  Lvcopodium  s p  w ere  t r a p p e d  on s t i c k y  
s l i d e s  p la c e d  a t  5 m e te r  i n t e r v a l s  up t o  30m from  th e  s o u rc e ,  th u s  
sam pling a  l a r g e r  a re a  th an  Gregory e t  a l .  (47). C ond itions were much 
more tu rb u le n t  in  t h i s  s tu d y  th an  in  G regory 's e t  a l .  (47), b u t d a ta  
f i t  S u t to n 's  th e o r y  o f  eddy d i f f u s i o n  and  th e  m a th e m a tic a l  m odel 
developed fcy Gregory (42) based on S u tto n 's  th eo ry .
The t h e o r y  a n d  e q u a t i o n s  d e v e lo p e d  by  G re g o ry  (42) a r e  
c o m p lic a te d .  One e q u a t io n  d e f in e s  th e  d e n s i ty  o f  s p o re s  a t  any 
d is ta n c e  from a  p o in t sou rce  a s  fo llo w s :
w here  Q e q u a ls  t h e  q u a n t i t y  o f  p a r t i c l e s  l i b e r a t e d ;  C e q u a ls  th e  
c o e f f i c i e n t  o f  d i f f u s i o n ;  X i s  th e  d i s t a n c e  t r a v e l l e d ;  m i s  a 
p a ra m e te r  g r e a t e r  th a n  1 and  l e s s  th a n  2 , b a se d  on tu r b u le n c e ;  r  i s  
th e  d i s t a n c e  from  th e  c e n te r  o f  th e  s p o re  c lo u d ; u i s  th e  mean w ind  
v e l o c i t y ;  t  i s  t im e ;  and  y  and  z a r e  p a r a m e te r s  o f  v e r t i c a l  and 
p e rp en d icu la r d if fu s io n .  Because m i s  never g re a te r  th a n  2, th e  drop 
in  d e n s i ty  a lo n g  any a x i s  o f  a  p o in t  s o u rc e  c lo u d  can  n e v e r  be m ore 
ra p id  th an  th e  in v e rse  sq u are , r e g a rd le s s  of th e  amount of tu rb u len c e  
(42). C, th e  c o e f f i c i e n t  o f  d i f f u s i o n ,  w i l l  v a ry  w ith  tu r b u le n c e .  
T y p ic a l  v a lu e s  o f  C a r e  0 .1  (m )* /^ , i . i ( m ) * /2 ,  an d 0 . 4  (m )^/^  f Qr 
norm al, h ig h  and low le v e l s  o f tu rb u len c e  (117). The same v a r ia b le s  
can a ls o  be used t o  compute th e  s tan d a rd  d e v ia t io n  o f th e  sp o res  from 
th e i r  mean p o s i t io n ,  u s in g  th e  eq u a tio n  sd = l/2 C ^(u t^“n) (117).
Another im p o rtan t s e r ie s  o f q u a n t i ta t iv e  s tu d ie s  was com pleted by
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B a in b r id g e  and  s te d m a n  (9) who ex am in ed  d i s p e r s a l  o f  s p o r e s  o f  
Lvcopodium  c la v a tu m  an d  E rv s ip h e  g r a m in is  DC. w i t h i n  and above a 
b a r l e y  f i e l d .  They u se d  30 m in ia tu r e  s u c t i o n  t r a p s  d e s ig n e d  by 
Gregory (47). The t r a p s  w ere p laced  a t  s e v e ra l h e ig h ts  and a t  v a r io u s  
s i t e s  downwind, up t o  seven m e te rs  from th e  sp o re  source. A s t r i p  o f 
Zephyr b a r le y  i n f e c t e d  w i th  E. g r a m in is  was t h e  s o u rc e  o f in o cu lu m . 
S p o re  t r a p s  w e re  a l s o  p la c e d  upw ind  o f t h e  in o cu lu m  s o u rc e  t o  
de term ine  th e  background le v e l  of sp o res. V e r t ic a l  s l id e s  and g la s s  
ro d s  w ere  p la c e d  n e a r  th e  s u c t i o n  t r a p s ,  b o th  w i t h i n  and  above th e  
c ro p .
The g r e a t e s t  c o n c e n t r a t i o n  o f  Lvcopodium  s p o r e s  w as n e a r  th e  
so u rce , b u t th e re  was a l s o  ra p id , upward d if fu s io n . H ie a re a  dose was 
a lw a y s  g r e a t e s t  a t  t h e  to p  o f t h e  c ro p , b u t 7 m from  th e  s o u rc e  th e  
spore  d e n s ity  was un iform  th roughou t th e  crop, w ith  E. g ram in is  th e  
c o n c e n t r a t io n  o f  c o n id i a  d e te c te d  beyond 4 m and  above 0.5 m d id  n o t  
d i f f e r  from  th e  background spo re  d e n s ity . S tro n g er w inds r e s u l te d  in  
g r e a t e r  s p o re  d e n s i t i e s  a t  g r e a t e r  h e ig h t s .  The r a p id  d e c l i n e  in  
s p o re  d e n s i t y  w as r e l a t e d  t o  th e  h ig h  d e n s i ty  o f  th e  c ro p , w h ich  
in te rc e p te d  sp o re s  and a ls o  kep t them w ith in  th e  canopy, p rev en tin g  
r e d i s t r ib u t io n .
D ata from B ain b rid g e  and Stedm an's s tu d ie s  (9) w ere used t o  t e s t  
th e  v a l i d i t y  o f  a  tw o-d im ensiona l model o f movement and d e p o s it io n  o f 
sp o re s  w ith in  and above a b a r le y  c rop  (73). T h is  model was developed 
b e c a u s e  i t  w as f e l t  t h a t  e a r l i e r  m o d e ls  d e s c r ib e d  by G reg o ry  (42), 
b a se d  on th e  d i f f u s i o n  e q u a t io n s ,  d id  n o t  a p p ly  t o  s p o r e s  r e l e a s e d  
w i t h i n  a  c ro p  can o p y , w h ere  th e  m a jo r i t y  o f  t h e s e  s p o r e s  a r e  
re d e p o s ite d  a t  s h o r t  d is ta n c e s , w ith  few escap ing  in to  th e  atm osphere.
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A lso , th e  d i f f u s i o n  m o d e ls  had  b een  d e v e lo p e d  and  t e s t e d  w i th  
c o n d itio n s  o f open a i r ,  and th e  v e r t i c a l  p a ram ete rs  y , z, in  G regory 's 
model w ere n o t d e fin ed .
T h ree  in p u t s  a r e  n e c e s s a ry  t o  u se  Legg and  P o w e l l 's  m odel (73): 
1) th e  i n i t i a l  sp o re  c o n c e n tra tio n  p r o f i l e  2) th e  wind speed p r o f i l e  
and 3) p r o f i l e s  o f  f o l i a g e  a r e a  d e n s i ty  w ith  t h e  s te m s , le a v e s  and 
heads m easured s e p a ra te ly . The o u tp u t in c lu d e s  a  spo re  c o n c e n tra tio n  
p r o f i l e  a t  any d i s t a n c e  dow nw ind, th e  h o r i z o n t a l  and  v e r t i c a l  f lu x  
d e n s ity , and th e  r a t e  o f sp o re  d e p o s it io n  on le a v e s , s tem s, heads and 
th e  s o i l  s u rfa c e , a t  any d is ta n c e  from th e  source.
The m odel w orked  w e l l  t o  p r e d i c t  t h e  d i s p e r s a l  o f  s p o r e s  o f  
Lvcopodium sp, and in d ic a te d  th a t  sed im en ta tio n  was th e  m ajor cause  o f 
d e p o s it io n  in  th e  lo w er h a l f  o f th e  cropt Im paction  occu rred  a t  a l l  
h e ig h ts , b u t was m ost common in  th e  upper canopy. H ie model d id  no t 
p r e d ic t  th e  ra p id  d e c rea se  in  th e  c o n c e n tra tio n  o f E. g ram in is  sp o res  
w ith  in c re a s in g  d is ta n c e  from th e  source. I t  was p o s tu la te d  t h a t  th e  
s t e e p  g r a d i e n t  in  s p o re  c o n c e n t r a t io n  w as due t o  a  g r e a t e r  t e r m in a l  
v e l o c i t y  o f  th e  s p o r e s  th a n  a n t i c i p a t e d ,  c a u se d  by s p o re s  c lu m p in g  
to g e th e r . Aylor (7), how ever, no ted  th a t  sp o re s  re le a s e d  p a ss iv e ly  by 
th e  w ind  had  an  i n i t i a l  v e l o c i t y  t h a t  i s  f a s t e r  th a n  th e  w ind  sp eed . 
When th e  m odel w as m o d if ie d  t o  accm om odate  t h i s  phenom enon, i t  
c o r r e c t ly  p re d ic te d  th e  c o n c e n tra tio n s  o f E. g ra m in is  c o n id ia  t h a t  had 
b e en  r e c o rd e d  by B a in b r id g e  and  S tedm an (9) and  s u p p o r te d  th e  
c a l c u l a t e d  p r o p o r t i o n s  o f  s p o r e s ,  0 .02 and  0.1 o f  t h e  a r e a  d o se , 
trap p ed  by g la s s  ro d s  and s l id e s  (9).
S tedm an (113) c o n d u c te d  s t u d i e s  on s p la s h  d r o p l e t  d i s p e r s a l  in  
w h ea t c ro p s  and  b e a n  f i e l d s  (112) u s in g  a  f l u o r e s c e n t  m a rk e r .
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Droplets were allowed to hit a target, situated at different heights 
in the canopy, to generate smaller droplets. Droplets were caught on 
strips at ground level and on glass rods elsewhere or on the plants 
themselves. Also, fluorescein-treated spores of Lvcopodium sp were 
released to compare dry air release with splash droplet dispersal of 
spores of Lvcopodium sp stained with crystal violet.
In the wheat field, deposits from splash droplets were detected 
up to 16 cm from the source at a height of 100 cm above the ground. 
The greatest deposits occurred on the stems and upper leaves. 
Movement within the wheat crop was restricted by the crop itself. All 
the gradients in the field were significant linear regressions of the 
log of deposits on linear distance, with the steepest gradients 
occurring when the target was low, i.e. <10 cm.
In  th e  bean f i e l d ,  d e p o s it io n  was compared fo r  4 ty p es  of crops: 
1) a  l e a f y  c ro p , h e ig h t  50 cm, 2) a  l e a f y  c ro p , h e ig h t  125 cm, 3) a 
p a r t ly  d e fo l ia te d  crop , h e ig h t 125 cm and 4) a  d e fo l ia te d  crop , h e ig h t 
125 cm. D ro p le ts  w ere reco rded  up t o  2.5 m downwind of th e  sou rce  in  
a  t a l l ,  dense crop, and up t o  5 m in  a  d e fo l ia te d  crop. D ro p le ts  w ere 
d e te c te d  o v e r g r a s s  16 m fro m  th e  s o u rc e . V a r i a t io n  b e tw ee n  th e  
f i e l d s  was due m ain ly  to  th e  f i l t e r i n g  a c t io n  o f th e  p la n ts ,  b u t l e s s  
w in d  sp e e d  i n  th e  b ean  f i e l d  a l s o  in f lu e n c e d  th e  d r o p l e t  m ovem ent. 
Very few sp o res  o f Lvcopodium sp  w ere trap p ed  beyond 2 m ete rs.
S tedm an (114,115) a l s o  c o n d u c te d  s p la s h  d r o p le t  s t u d i e s  w i th  
s p o re s  o f R hvnchosporium  s e c a l i s  (Oud.) D a v is , th e  c a u s a l  a g e n t  o f  
l e a f  b lo tc h  o f  b a r l e y ,  fro m  w e t and  d ry  s u r f a c e s .  S p la s h  d i s p e r s a l  
du rin g  r a in  was s tu d ie d  u sing  s e v e ra l m odified  ro to ro d s  p laced  a t  20 
cm i n t e r v a l s  fro m  0 t o  100 cm above th e  g round  in  a  4 m^ p l o t  o f
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b a r l e y  (114). V a r i a t i o n  i n  th e  num ber o f  s p o r e s  t r a p p e d  w as g r e a t ,  
and  w as n o t  r e l a t e d  t o  t h e  d u r a t io n ,  q u a n t i t y ,  o r  i n t e n s i t y  o f  th e  
r a i n f a l l .  S p o re s  w ere  t r a p p e d  i n  th e  lo w e r  canopy  e a r ly  i n  th e  
season . As le s io n s  developed th roughout th e  crop , sp o res  w ere trap p ed  
h ig h e r in  th e  canopy, b u t th e re  w ere alw ays g re a te r  numbers a t  low er 
h e ig h ts . S im ila r  v e r t i c a l  g ra d ie n ts  have been re p o rte d  fo r  E rvsiphe 
g r a m in is  i n  w h ea t and  b a r le y  c ro p s  (71), w here  c o n c e n t r a t io n s  o f  
sp o res  below 180 cm above th e  ground w ere alw ays much g re a te r  and more 
u n ifo rm  th a n  c o n c e n t r a t io n s  above  180 cm. The num ber o f  l e s i o n s  
reco rded  by Stedman (114) cou ld  n o t be r e la te d  to  th e  e s tim a te d  spo re  
c o n c e n tra tio n .
The s i g n i f i c a n c e  o f t h e  seco n d  s tu d y  (115) w as t h a t  d ry  s p o re s  
c o u ld  b e  l i b e r a t e d  by a  d r o p l e t  o f  w a te r  by th e  " ta p  and  p u f f "  
p ro c e ss . The sp o res  would a c tu a l ly  f l o a t  on th e  su rfa c e  of th e  w a ter. 
P a th o g e n ic ity  t e s t s  d em onstra ted  t h a t  in f e c t io n  cou ld  be i n i t i a t e d  by 
sp o re s  th u s  d isp e rsed .
S p la s h  d i s p e r s a l  by S e p to r i a  nodorum  B erk , w as i n v e s t i g a t e d  by 
G r i f f i t h s  and  Ao (49). C o n id ia  w ere  c a u g h t i n  s m a l l  s a m p lin g  tu b e s  
w ith  a  p l a s t i c  fu n n e l on to p , f i l t e r e d  th rough an oxoid membrane, and 
c o u n te d . Four p l a n t s  w e re  in o c u la te d  in  each  o f  56 2 x 1 m p l o t s .  
Spores w ere caught up t o  0.5 m from th e  source  and a t  h e ig h ts  up t o  40 
cm. S i g n i f i c a n t  d i s e a s e  in c id e n c e  w as n o te d  up t o  2 m, s e e m in g ly  a  
s m a l l  d i s t a n c e ,  b u t  t h e  p a th o g e n  c o u ld  g e n e r a te  an  e p id e m ic  w i th  
secondary  c y c le s .
The p re v io u s  s t u d i e s  h av e  e m p h as iz ed  s h o r t- ra n g e  d is p e r s a l .  A 
few s tu d ie s  have q u a n t i f ie d  sp o re  d is p e r s a l  f o r  in te rm e d ia te  d is ta n c e s  
up t o  s e v e r a l  h u n d re d  m e te r s .  One s tu d y  u sed  g r a v i ty  s l i d e s  a t
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d is ta n c e s  up t o  100 m t o  s tudy  h o r iz o n ta l  d if f u s io n  by u re d in io sp o re s  
o f  th e  g ro u n d n u t r u s t  fu n g u s , P u c c in ia  a r a c h i d i s  Speg. (83). S pore  
d e n s i ty  d e c r e a s e d  g r a d u a l ly  from  th e  s o u rc e  ( i n f e c t e d  p l a n t s ) ,  b u t  
some spo res w ere caught a t  100 m. Ooka and Kommedahl (95) w ere ab le  
to  i s o l a t e  Fusarium  m on ilifo rm e from  wind-blow n s o i l  on to p  o f snow 
400 m from corn  s ta lk s  ch a t were th e  inoculum source.
E v ersm ey er and  K ram er (28) d id  a  m ore q u a n t i t a t i v e  s tu d y  u s in g  
K ram er-C ollins v o lu m e tric  spore  sam p lers  a t  d is ta n c e s  of 60, 120, and 
180 m from  a s o u rc e  p l o t  o f  w h ea t t o  m o n ito r  d i s p e r s a l  by P u c c in ia  
g r a m in is  f . s p .  t r i t i c i  and  P. r e c o n d i t a  Rob ex Desm. f . s p .  t r i t i c i . 
There were no s ig n i f ic a n t  d if f e r e n c e s  in  sp o re  c o n c e n tra tio n s  a t  each 
d is ta n c e  downwind from th e  source p lo t .  A sim p le  re g re s s io n  eq u atio n , 
lo g  Qx = lo g  Qc  + bx, p re d ic te d  th e  number of sp o res  c o l le c te d ,  where 
Q0 i s  th e  i n i t i a l  s p o re  c o n c e n t r a t io n  d e te rm in e d  by a  s p o re  t r a p  
w i th in  th e  s o u rc e  p l o t .  The s lo p e ,  b , o f  th e  l i n e  w as -0 .0 0 6  f o r  P. 
re c o n d ita  and -0.004 fo r  P. g ra m in is . showing g re a t  s im i l a r i t y  fo r  th e  
d is p e rs io n  p a t te r n s  o f th e  u red io sp o re s  o f both  fu n g i.
Most m odels fo r  sp o re  d is p e r s a l  have been developed and v e r i f i e d  
w ith  ex p erim en ts  in  open f i e l d s  o r above and w ith in  f i e l d  c rops. Only 
W ilson and Baker (130) have conducted s tu d ie s  to  model spore  d is p e r s a l  
i n  an  o rc h a rd . Some s t u d i e s  have  b een  done in  f o r e s t s  t o  q u a n t i f y  
s p o re  d i s p e r s a l  (25,98,99).
Edmonds and D riv e r (25) exam ined th e  d is p e r s a l  o f Fomes annosus 
(F r.) K a r s t ,  and  ZnCdS f l u o r e s c e n t  p a r t i c l e s  i n  a  p in e  f o r e s t .  
P a r t i c l e s  w ere re le a se d  under dry  c o n d itio n s  d u rin g  bo th  n ig h t and day 
and trap p ed  w ith  25 ro to ro d  sam plers  a rran g ed  in  a  g r id  and p laced  1 m 
above th e  g ro u n d . R o to ro d s  w ere  a l s o  p la c e d  a t  h e ig h t s  o f  5 , 10, 15
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and 20 m fo r  some r e le a s e s .  P a r t i c l e s  w ere re le a s e d  in  a  c le a re d  a re a  
a s  w e l l  a s  a  h e a v i l y  w ooded  a r e a .  D a ta  w e re  a n a ly z e d  u s in g  
C ham berlain 's d is p e r s a l  model (19) fo r  a  con tinuous g ro u n d -lev e l p o in t 
s o u rc e  o f  p a r t i c l e s .  P a r t i c l e s  r e l e a s e d  d u r in g  th e  n ig h t  and  e a r l y  
m orning had th e  l e a s t  amount o f v e r t i c a l  and h o r iz o n ta l  d is p e r s a l  due 
to  th e  developm ent o f tem p e ra tu re  in v e rs io n s  th a t  p rev en ted  v e r t i c a l  
m ix in g  o f  th e  a i r .  P a r t i c l e s  r e l e a s e d  i n  th e  f i e l d  had g r e a t e r  
h o r iz o n ta l  and v e r t i c a l  d is p e r s a l  th a n  th o se  re le a se d  in  th e  f o r e s t .  
P a r t i c l e s  w ere tra p p e d  up t o  2 m from  th e  sou rce  in  th e  s ta b le  n ig h t 
a i r  in  q u a n t i t i e s  w hich w ere w ith in  a  f a c to r  o f 2 o f v a lu es  p re d ic te d  
by C ham berlain 's model.
Daytime dispersal patterns were much less predictable due to 
increased wind speed and turbulence, both mechanical and thermal. 
Horizontal and vertical mixing was greater at both sites during the 
day, with greater dispersal in the open area than in the forest due to 
greater thermal mixing in the field. In the forest, particles were 
channeled around or between areas of dense vegetation, and entire 
plumes tended to move differentially into areas of low vegetation 
density.
B ro o k h a v e n  (NY) f o r e s t  w as  t h e  s e t t i n g  f o r  a  s e r i e s  o f  
ex p erim en ts  by Raynor e t  a l  (98,99) to  s tudy  d is p e r s a l  o f a  v a r ie ty  o f 
p a r t i c l e s .  R o to s lid e  sam plers  w ere used to  m easure a irb o rn e  p a r t i c l e  
d e n s i t i e s ,  and g r e a s e d  s l i d e s  w e re  u sed  t o  e s t i m a t e  d e p o s i t io n .  
Plum es of f e rn  sp o res  and ragweed p o lle n  re le a se d  in  a  f i e l d  and blown 
i n t o  a  f o r e s t  w id e n e d  g r e a t l y  b e f o r e  r e a c h in g  th e  f o r e s t  e d g e , b u t  
expanded only s l i g h t l y  a f t e r  e n te r in g  th e  f o r e s t .  Winds e n te r in g  th e  
f o r e s t  had g r e a te r  speeds a t  th e  tru n k s  of t r e e s  th a n  in  th e  canopy.
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The d i s p e r s a l  o f  p a r t i c l e s  r e l e a s e d  w i t h i n  t h e  f o r e s t  w as 
in f lu e n c e d  by th e  p o s i t i o n  o f  r e l e a s e  and w in d  sp ee d . P a r t i c l e s  
re le a se d  h ig h e r up in  th e  canopy tended  to  move downward and p a r t i c l e s  
r e l e a s e d  c lo s e  t o  th e  g ro u n d  moved upw ard . The e f f e c t  o f w ind  w as 
s i m i l a r  t o  t h a t  r e c o rd e d  by W ilso n  (130) w i th  l e s s  h o r i z o n t a l  
d is p e r s io n  c lo se  to  th e  source  in  s tro n g e r  w inds. V e r t ic a l  d is p e r s io n  
was p o s i t iv e ly  c o r r e la te d  w ith  w ind, w ith  g r e a te s t  downwind d e n s i t i e s  
measured w ith  l i g h t  w inds.
The a u th o rs  concluded th a t  v e r t i c a l  d is p e r s io n  predom inated over 
h o r i z o n t a l  d i s p e r s i o n  i n  th e  f o r e s t  b a se d  on th e  l o s s  o f  p a r t i c l e s  
a lo n g  th e  c e n t e r l i n e  dow nw ind fro m  th e  s o u rc e . In  c o n t r a s t  t o  th e  
f in d i n g s  o f  Edmonds and  D r iv e r  (25), th e  v e r t i c a l  an d  h o r i z o n t a l  
components o f d is p e r s a l  w ere g re a te r  in  th e  f o r e s t  th an  in  th e  f i e ld .  
More r e s e a r c h  i s  n eed ed  t o  c l a r i f y  th e  d i s c r e p a n c i e s  o f  t h e s e  tw o  
s tu d ie s .
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IV. SPORE DISPERSAL AND APPLE SCAB DISEASE
T h e re  have  b een  no s t u d i e s  d i r e c t l y  c o n c e rn e d  w i th  s p o re  
d is p e r s a l  of th e  p rim ary  inoculum  o f V. in aec tu a lis . The n e c e s s i ty  o f 
r a i n  f o r  d i s p e r s a l  (1 3 ,3 3 ,5 3 ) and  th e  d iu r n a l  p e r i o d i c i t y  o f  th e  
fu n g u s  (1 3 ,1 4 ,5 4 ,7 8 ,8 9 ,1 2 0 )  have b een  e s t a b l i s h e d ,  b u t  t h e r e  i s  no 
in f o r m a t io n  a b o u t t h e  d i s p e r s io n  o f t h e s e  s p o re s .  I t  h a s  b een  
s u g g e s te d  t h a t  th e y  can  t r a v e l  lo n g  d i s t a n c e s  (1) b u t  t h e r e  i s  some 
e v id e n c e  t o  i n d i c a t e  t h a t  m ost o f  th e  s p o re s  re m a in  w i t h i n  th e  
im m ediate v ic in i t y  o f th e  o rch ard s  in  which th ey  o r ig in a te  (3,15,16).
A l l i t  (3) ex am in ed  th e  o c c u r re n c e  o f V e n tu r ia c e o u s  s p o re s  in  
Cambridge, UK from  1968 t o  1972 u sing  a  Burkhard sp o re  t r a p  p laced  on 
th e  ro o f  o f  a  h o s p i t a l .  No a s c o s p o re s  o f  V. in a e c tu a l i s  w ere  t r a p p e d  
du ring  th e  fo u r y e a r s tudy . B u rc h il l  (15) m easured a  d is e a s e  g ra d ie n t 
from  a  p o in t  s o u rc e  o f scab b ed  l e a v e s  p la c e d  w i t h i n  a  p l o t  o f  
s u s c e p t i b l e  t r e e s ,  an d  d e te c te d  no i n f e c t i o n  beyond 15 m fro m  th e  
s o u r c e .  B u r c h i l l  a n d  H u t to n  (16) e x a m in e d  t h e  e f f e c t  o f  
p heny lm ercuric  c h lo r id e  (PMC) on su p p re ss io n  o f ascospore  p ro d u c tio n . 
In  a  com m ercial o rch a rd  re c e iv in g  only  p o s t-h a rv e s t  and p re -b u d -b u rs t 
a p p l i c a t i o n s  o f  PMC, c o n ta m in a t io n  fro m  o u t s id e  th e  o rc h a rd  w as 
n e g lig ib le  and com plete  scab c o n tro l was ach ieved .
The models of sp o re  d is p e r s a l  developed in  o th e r ecosystem s, a s  
d iscu ssed  h e re , may be in a c c u ra te  in  an o rch ard  s i tu a t io n  because th e  
w ide spaces and numerous t r e e s  cause in c re a se d  amounts o f tu rb u le n c e .
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O nly s t u d i e s  by W ilso n  (130,131) who ex am in ed  s p o re  d i s p e r s a l  o v e r 
very  s h o r t  d is ta n c e s  and d is e a se  g ra d ie n ts  fo r  g re a te r  d is ta n c e s  in  an 
o rc h a rd ,  and  s t u d i e s  by R ie s  an d  Royse (100) and  K ab le , e t  a l .  (63) 
who examined only  d is e a s e  g ra d ie n ts  from  o u ts id e  so u rces , and Corbin 
and Ogawa (20) who w ere concerned w ith  c lo se  range d ro p le t  d is p e r s a l  
o f  M o n i l in ia  ( S c l e r o t i n i a ) l a x a ,  h av e  b een  c o n d u c te d  in  an  o rc h a rd . 
These s tu d ie s  w ere exam ined in  th e  p rev io u s  s e c tio n .
A study should be undertaken to closely examine spore dispersal 
patterns within an orchard and to compare these patterns to those 
recorded in other environments. In addition, efforts should be made 
to relate airborne inoculum densities of V. inaeoualis ascospores to 
deposition densities and lesion densities.
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CHAPTER I I I
TOE DISPERSAL CP AS COSPORES OF VENTURIA INAEOUALIS 
AND SPORES OF LYCQPODIUM SP 
WITHIN AN APPLE ORCHARD
In tro d u c tio n
There has been c o n s id e ra b le  work on th e  m a tu ra tio n  and r e le a s e  o f 
asco sp o res  o f  V en tu ria  in a e a u a lis  (1 3 ,1 4 ,5 3 ,7 8 ,8 9 ,1 2 0 ) , b u t  v i r t u a l l y  
none on th e  d i s p e r s a l  o f  a s c o s p o re s .  Adams (1) s p e c u la te d  t h a t  
a s c o s p o re s  had  th e  p o t e n t i a l  f o r  lo n g  d i s t a n c e  t r a n s p o r t ,  an d  K e i t t  
and  P a lm i te r  (65) o b s e rv e d  a  d i s e a s e  g r a d i e n t  from  an  u n sp ra y e d  
o rc h a rd  i n t o  an  a d ja c e n t  o rc h a rd ,  b u t ,  t o  t h i s  a u th o r 's  kn o w led g e, 
th e re  have been no s tu d ie s  t o  q u a n tify  ascospo re  d is p e r s a l .  The only  
spore  d is p e r s a l  s tudy  in  an  o rch ard  was com pleted  by W ilson and Baker 
(130). U sing  g l a s s  s l i d e s ,  th e y  ex am in ed  d i s p e r s a l  o f  a s c o s p o re s  o f  
S c l e r o t i n i a  l a x a  an d  s p o re s  o f  Lvcopodium  sp  in  a  p each  o rc h a rd . 
E quations w ere f i t  t o  t h e i r  d a ta  to  d e sc r ib e  a irb o rn e  sp o re  g ra d ie n ts  
and in f e c t io n  g ra d ie n ts . There have been q u a n t i ta t iv e  spore  d is p e r s a l  
s t u d i e s  done in  w h ea t (2 8 ,1 1 3 ), b a r l e y  (9) and  b ean  f i e l d s  (112), and 
above g r a s s  (4 7 ,1 1 0 ), an d  m o d e ls  h av e  b een  d e v e lo p e d  t o  q u a n t i f y  
observed sp o re  d is p e r s a l  g ra d ie n ts  (7,42,73).
In  t h i s  s tu d y , th e  d i s p e r s a l  o f  V. i n a e a u a l i s  a s c o s p o r e s  and
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sp o re s  o f  Lvcopodium sp  w ere ex am in ed  q u a n t i t a t i v e l y  in  an  o rc h a rd .  
Lvcopodium sp o re s  w ere u t i l i z e d  because th ey  could  be purchased  from  a 
com m ercial so u rce  and l ib e r a te d  in  known amounts. The r e s u l t s  o f t h i s  
s tudy  were compared t o  r e s u l t s  o f o th e r  s tu d ie s  com pleted w ith in  and 
above f i e l d  c ro p s  t o  d e te r m in e  i f  s p o re  d i s p e r s a l  p a t t e r n s  w ere  
d i f f e r e n t  in  an  o rc h a rd  and  i f  p r e v io u s ly  d e v e lo p e d  s p o re  d i s p e r s a l  
m o d e ls  c o u ld  be u se d  t o  d e s c r ib e  th e  d i s p e r s a l  o f  V;. i n a e q u a l i s  
a s c o s p o re s .  In  a d d i t i o n ,  an  a t t e m p t  w as made t o  r e l a t e  a i r b o r n e  
ascospore  d e n s ity  t o  le s io n  d e n s ity  on M cIntosh t r e e s  and t o  de te rm in e  
th e  p o te n t ia l  e f f e c t  o f inoculum o r ig in a t in g  o u ts id e  an o rchard  on th e  
d e v e lo p m en t o f  s c a b  e p i d e m i c s  w i t h i n  t h e  o r c h a r d .  In o c u lu m  
o r i g i n a t i n g  o u t s id e  an  o rc h a rd  c o u ld  be im p o r ta n t  in  New H am psh ire  
w here many abandoned o r untended ap p le  t r e e s  d o t th e  co u n try s id e .
M a te r ia ls  and Methods
A ll s p o re  d i s p e r s a l  s t u d i e s  w e re  c o n d u c te d  in  a  0.5 ha b lo c k  o f  
sem i-dw arf M cIntosh ap p le  t r e e s  on EM-7 ro o ts to c k , approx im ate ly  20 
y e a r s  o ld ,  a t  th e  U n iv e r s i ty  o f  New H am psh ire  Woodman Farm . The 
o rc h a rd  w as ch o sen  b e c a u se  i t  w as 1 . 6  km from  th e  n e a r e s t  a p p le  
o rch a rd  and th u s  r e l a t i v e ly  i s o l a t e d  fro m  o u t s id e  in o cu lu m  s o u rc e s .  
The sp o re  t r a p s  used w ere designed  fcy Zuck a t  th e  U n iv e rs ity  o f Maine 
(1 3 5 ,136 ; A ppendix  A). T hese  t r a p s  w ere  ch o sen  b e c a u se  th e y  w ere  
r e l a t iv e ly  in expensive  to  b u ild , easy  t o  use, and v o lu m e tric .
A sc o sp o re  d i s p e r s a l .  The d i s p e r s a l  o f  V. i n a e q u a l i s  a s c o s p o re s  w as
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s tu d ie d  d u r in g  th e  p r im a ry  a p p le  s c a b  s e a s o n  i n  1982 and  1983. 
P lacem ent o f th e  t r a p s  in  th e  o rch ard  was de term ined  a f t e r  exam ining 
m e te o r o lo g ic a l  d a t a  { c o u r te sy  o f  P e a se  AFB, N ew ing ton , NH) t o  
d e te rm in e  p r e v a i l i n g  w in d  d i r e c t i o n s  d u r in g  s p r in g  r a i n s .  Wind 
d i r e c t io n  v a r ie d  b u t was m ost f r e q u e n tly  from  th e  NE t o  SE. E igh teen  
s p o re  t r a p s  w e re  u t i l i z e d  in  1982 (F ig . 1 ) , and  21 t r a p s  w ere  u se d  in  
1983 (F ig . 2).
A p o in t source  o f inoculum  was u t i l i z e d  both  y e a rs . The inoculum 
c o n s is te d  of scabbed le a v e s  p ick ed  from  unsprayed M cIntosh t r e e s  a t  
th e  Mast Road re se a rc h  o rchard . The le a v e s  w ere o v erw in te red  in  w ire  
cages and th en  t r a n s f e r r e d  to  th e  Woodman Farm o rch a rd  in  A p ril , p r io r  
to  th e  d e te c tio n  o f th e  f i r s t  m atu re  ascospore . The cages, a rranged  
in  a  c i r c l e ,  co n ta in ed  1000 le a v e s  in  1982 and 1700 le a v e s  in  1983.
To m in im iz e  b a ck g ro u n d  in o cu lu m  and  t o  e n s u r e  t h a t  m ost 
a s c o s p o re s  t r a p p e d  came from  th e  p o in t  s o u rc e ,  a l l  l e a v e s  i n  th e  
o rc h a rd  w ere  ra k e d  and  rem oved i n  November o f  1981. A lth o u g h  l e s s  
th a n  0.01% o f th e  l e a v e s  i n  th e  o rc h a rd  had  s c a b  i n  S e p t ,  1982, a  
p o s t - h a r v e s t  a p p l i c a t i o n  o f  benom yl (0.9 kg a i  h a” 1 ) w as a p p l ie d  in  
Nov, 1982 t o  re d u c e  th e  am ount o f  o v e r w in te r in g  in o cu lu m  i n  th e  
o rch a rd .
A sc o sp o re s  w e re  r e l e a s e d  n a t u r a l l y  d u r in g  r a in y  p e r io d s .  The 
s p o re  t r a p s  w e re  tu r n e d  on an d  o f f  a u t o m a t i c a l l y  d u r in g  r a in y  
in te r v a ls  u s in g  th e  system  d e sc rib e d  in  Appendix B. Tem perature (°F), 
hours o f l e a f  w e tn ess  and hou rs o f t r a p  o p e ra tio n , r e l a t i v e  h u m id ity  
(%) and  r a i n f a l l  (h u n d re th s  mm) w ere  re c o rd e d  w i th  i n s t r u m e n ta t i o n  
d e v e lo p e d  a t  t h e  U n iv e r s i ty  o f  New H am psh ire  (81). Wind sp e e d  and  
d i r e c t io n  w ere m easured w ith  a  reco rd in g  anemometer (Model W200-SD,
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Figure 2. Trap placement, design B, for studying ascospore and Lycopodium spore dispersal in the
2spring, 1983.- The ascospore source contained approximately 1700 leaves in a 4 m area. 
Lycopodium spores (0.5 g) were released frcm a point just below the spore trap place at the 
point source.
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W eather Measure Corp., Sacram ento, CA 95841).
A ttem pts w ere a ls o  made to  r e l a t e  a irb o rn e  ascospo re  d e n s ity  to  
l e s i o n  d e n s i t y .  D u rin g  each  f u n g ic id e  a p p l i c a t i o n  th ro u g h o u t th e  
p rim ary  scab  season in  1982 and 1983, p l a s t i c  t r a s h  bags w ere p laced  
over 1 0  lim b s in  th e  im m ediate v ic in i ty  o f each spore  t r a p  to  p rov ide  
u n p ro tec ted  t i s s u e  fo r  each p rim ary  in fe c t io n  p e rio d . At th e  end o f 
th e  p r im a ry  s e a s o n , c l u s t e r  l e a v e s ,  t e r m in a l  l e a v e s ,  and f r u i t  on 
th e se  lim b s w ere indexed fo r  scab  inc id en ce .
Lvcopodium  d i s p e r s a l .  The d is p e r s a l  of sp o re s  o f  Lvcopodium sp  was 
s tu d ie d  i n  1983 and 1984 u t i l i z i n g  f o u r  e x p e r im e n ta l  d e s ig n s .  The 
f i r s t  (Design C, F ig . 3) examined th e  v a r ia t io n  in  d i r e c t io n  o f sp o re  
d i s p e r s a l  o v e r  t im e ,  and  c o n s i s t e d  o f 22 s p o re  t r a p s  a t  0.9 m above 
g ro u n d  l e v e l  a r r a n g e d  in  a  4 m d ia m e te r  c i r c l e .  T w elve g ram s o f  a 
c o m m e rc ia l p r e p a r a t i o n  o f Lvcopodium  s p o re s  (C a ro lin a  B io lo g ic a l  
Supply Co, B u rlin g to n , NC 27215) w ere re le a se d  from  th e  c e n te r  o f th e  
c i r c l e  in  1 gram  a l i q u o t s  a t  15 m in i n t e r v a l s  f o r  3 h r .  S p o re s  w ere  
r e l e a s e d  f o r  30 s  and th e  t r a p s  w ere  l e f t  on f o r  2 m in . The g l a s s  
s l i d e s  in  th e  s p o re  t r a p s  w ere  changed  a f t e r  e v e ry  fo u r  r e l e a s e s  t o  
avo id  an uncountable b u ild -u p  o f  Lvcopodium sp o res. The s l id e s  were 
c o a te d  w i th  H a u p t's  f i x a t i v e  (C a ro lin a  B io lo g ic a l  S u p p ly  Co) t o  
i n c r e a s e  th e  im p a c tio n  e f f i c i e n c y  o f th e  Lvcopodium  s p o r e s .  The 
Lvcopodium sp o re s  w ere re le a se d  u sin g  an a p p a ra tu s  d e sc rib e d  in  F ig u re  
4. Each r e le a s e  p e rio d  la s te d  30 s , b u t m ost sp o re s  w ere re le a s e d  in  
th e  f i r s t  1 0  s  o f each re le a se .
The seco n d  e x p e r im e n t ex am in ed  h o r iz o n ta l  d is p e r s a l  w ith in  th e  
o rch ard  up t o  64 m from  th e  sou rce . Placem ent of th e  t r a p s  i s  d e p ic te d
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i n  F ig u re  2. For th e se  t e s t s ,  0.5 g o f Lvcopodium sp o res  w ere re le a s e d  
from a  p o in t 1 m upwind o f th e  source  tr a p .  Spores w ere re le a se d  fo r  
30 s  and th e  sp o re  t r a p s  w ere o p e ra tio n a l f o r  2  min.
A t h i r d  s tu d y  i n v e s t i g a t e d  h o r i z o n t a l  d i s p e r s a l  up t o  26 m 
(D esign  D, F ig . 5 ). Lvcopodium  s p o re s  (0.5 g) w ere  r e l e a s e d  a s  
d e sc rib e d  in  th e  p reced in g  t e s t .  S im ila r  t e s t s  in  1984 in v e s t ig a te d  
d is p e r s a l  o f  Lvcopodium sp o res  up t o  30 m from th e  so u rce  (Design E, 
F ig . 6 ) , b u t th e  amount o f sp o res  re le a se d  p e r t e s t  was in c re a se d  from 
0.5 t o  5.0 g. In  each  t e s t ,  t h e  s p o r e s  w e re  r e l e a s e d  f o r  2 m in  and  
th e  sp o re  t r a p s  w ere in  o p e ra tio n  fo r  5 min.
In  a l l  V. i n a e q u a l i s  an d  Lvcopodium  s p o re  t e s t s ,  t h e  d e p o s i te d  
s p o re s  w ere  m ounted  i n  G e lv a to l :g ly c e r o l : w a te r  (35 g :100  m l:5 0 m l). 
The e n t i r e  band  o f  d e p o s i t e d  s p o r e s  w as ex am in ed , an d  th e  num ber o f  
sp o res  reco rded  a s  "spo res p e r s l id e "  and sp o res  m- ^ a i r .
S t a t i s t i c a l  A n a ly s is .  D is p e r s a l  d a ta  w as a n a ly z e d  w i th  m u l t i p l e  
re g re s s io n , u s in g  th e  g e n e ra l eq u a tio n ,
Y = a  + b X i  + cX] 2  + dX] 3  + ex2 , 
w here  y  i s  th e  lo g  o f  t h e  num ber o f  s p o re s  t r a p p e d ,  X^ i s  t h e  lo g  o f  
th e  d is ta n c e  from  th e  so u rce , and X2  i s  a  c o n s ta n t betw een 0 and 3 to  
r e l a t e  t r a p  l o c a t i o n  t o  t h e  d i r e c t i o n  o f  th e  w ind , w ith  0  b e in g  
d i r e c t l y  d o w n w in d  f ro m  t h e  s o u r c e ,  a n d  1 , 2 , a n d  3 , b e in g  






















Figure 3. Trap placement, design C, for studying Lycopodium spore 
dispersal. One g of Lycopodium spores was released fron the 
center of the circle every 15 min for 3 h.
SPORES
Figure 4. Apparatus for releasing Lycopodium spores. Spores were 
placed in a wide mouth jar sealed with a rubber stopper. Air was 
forced into the jar from the output of a laboratory vacuum 
cleaner. Spores were lifted frcm the bottom of the jar and 
carried by a stream of air through a glass tube into the 
environment.
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Figure 5. Trap placement, design D, for studying Lycopodium dispersal. For each test, 
0.5 g of Lycopodium spores were released from a point source (A).
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Figure 6. Trap placement, design E, for studying Lycopodium spore dispersal. For each test, 
5.0 g of Lycopodium spores were released frcm a point (S) 1.0 m upwind of point A.
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R e su lts
A scospore d is p e r s a l
1982. W ith  th e  s p o re  t r a p s  p la c e d  a c c o rd in g  t o  D esig n  A (F ig . 1 ), 
d is p e r s a l  was s tu d ie d  du rin g  fo u r in f e c t io n  p e rio d s , w ith  a t  l e a s t  one 
l i n e  o f  s p o re  t r a p s  dow nw ind o f  th e  in o cu lu m  s o u rc e  d u r in g  t h r e e  o f  
th e  i n f e c t i o n  p e r io d s .  Only tw o  s p o re  t r a p s  w ere  dow nw ind on 19-20  
May, when th e  wind was from th e  W and SW.
Few asco sp o res  w ere trap p ed  du rin g  each in fe c t io n  p e rio d , w ith  
m ost u s u a l ly  t r a p p e d  c l o s e s t  t o  th e  in o cu lu m  s o u rc e .  B ecau se  few  
a s c o s p o re s  w e re  t r a p p e d ,  a  s p o re  d e n s i t y  g r a d i e n t  w as u s u a l l y  n o t 
d e te c te d .  The s t e e p e s t  g r a d i e n t s  w ere  r e c o rd e d  on 23-25  May d u r in g  
th e  la r g e s t  a sco sp o re  re le a s e  of th e  y ear. G rad ien ts  w ere l e s s  s te e p  
o r  n o t  a p p a r e n t  d u r in g  o th e r  r e l e a s e s .  Beyond 15 m, t h e r e  w as no 
d i s c e r n a b le  g r a d i e n t  o f  a s c o s p o re s  t r a p p e d  (F ig . 7 ). A long th e  
l o n g e s t  t r a n s e c t  (T rap s  2 -7 ) , th e  num ber o f  a s c o s p o re s  t r a p p e d  76 m 
from  th e  s o u rc e  w as o f t e n  e q u a l t o  o r  g r e a t e r  th a n  th e  num ber o f  
sp o re s  tra p p e d  21 o r 33 m from th e  source. The o n ly  s ig n i f ic a n t  (p = 
0.05) r e g r e s s io n  w as c a l c u l a t e d  when th e  d a ta  f o r  a l l  t h e  r e l e a s e s  
were combined (Table 1).
1983. In  1983 , t h e  w e a th e r  w as n o t  f a v o r a b le  t o  s tu d y  a s c o s p o re  
d is p e r s a l  w ith  th e  ex p erim en ta l design  (Design B, F ig . 2). There w ere 
1 0  day tim e r a in s  w ith  m ature  asco sp o res  a v a i la b le  fo r  d isch a rg e , bu t 
o n ly  on 24-25  A p r i l  an d  11 May d id  th e  w ind  blow  fro m  a  d i r e c t i o n
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fa v o ra b le  fo r  sp o re  d is p e r s a l  in  th e  d i r e c t io n  of th e  t r a p s  (E to  ESE 
on 2 4 -2 5  A p r i l  and  NE-SE, v a r i a b l e ,  on 11 May). D u rin g  th e  o th e r  
ra in y  p e r io d s , w ind d i r e c t io n  was N, W o r SW, le a v in g  th e  t r a p s  upwind 
o f th e  inoculum  source.
The i n f e c t i o n  p e r io d  on 2 4 -2 5  A p r i l  a l lo w e d  f o u r  s a m p lin g  
p e r io d s ,  b u t  th e  b r i e f  p e r io d  on 11 May a l lo w e d  o n ly  one sa m p lin g  
p e rio d . R egression  a n a ly s is  o f each sam pling p e rio d  d id  no t produce 
any s t a t i s t i c a l l y  s ig n i f ic a n t  e q u a tio n s , b u t a  s ig n i f ic a n t  (p = 0.05) 
r e g r e s s io n  e q u a t io n  w as g e n e r a te d  when a l l  s a m p lin g  p e r io d s  w ere  
combined (Table 1). The p a t te r n s  o f ascospore  d is p e r s a l  fo r  th e  tw o 
p e rio d s  a re  d e p ic te d  in  F ig u res  8 a  and 8 b.
D is e a s e  a s s e s s m e n t .  In  1982 and 1983, a l l  lim b s covered  w ith  p l a s t i c  
b ag s  d u r in g  f u n g ic id e  a p p l i c a t i o n  w e re  in d e x e d  tw o  w eeks a f t e r  th e  
co n c lu sio n  o f th e  p rim ary  season. The average number o f c lu s t e r s  and 
t e r m i n a l s  a t  e a c h  s i t e  w as 85 and  69, r e s p e c t i v l e y .  The d a ta  from  
both  y e a rs  a re  p re se n te d  in  T ab les 2 (1982) and 3 (1983).
Few l e s i o n s  d e v e lo p e d  each  y e a r .  T w e n ty - f iv e  c l u s t e r  l e s i o n s  
w ere reco rded  in  1982, 15 o f them a t  tw o s i t e s  3.0 m from  th e  inoculum  
source. No o th e r s i t e  had more th an  tw o le s io n s  and te n  s i t e s  had no 
c lu s t e r  le s io n s .  In  1983, th e re  were only  f iv e  c lu s t e r  le s io n s  a t  12 
s i t e s ,  w ith  th r e e  le s io n s  o c cu rrin g  a t  one s i t e  15 m from th e  source. 
F o r ty -o n e  an d  67% o f  th e  s i t e s  h ad  no t e r m in a l  l e s i o n s  i n  1982 and  
1983, r e s p e c t i v e l y .  In  1982, 10 o f  17 l e s i o n s  o c c u r r e d  9 m o r l e s s  
from th e  so u rce , and 8  o f  13 te rm in a l le s io n s  in  1983 o ccu rred  a t  one 
s i t e  6.0 m from th e  source. R egression  a n a ly s is  could  n o t de te rm in e  a 
s t a t i s t i c a l l y  s i g n i f i c a n t  r e l a t i o n s h i p  b e tw ee n  l e s i o n  n u m bers and 
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Figure 7. Typical pattern of ascospore dispersal along two transects 
with spore traps located downwind of an inoculum source containing 
approximately 1000 (1982) or 1700 (1983) scabbed leaves. Each 
curve represents a dispersal pattern for one infection period.
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Table 1. Regression equations for ascospore dispersal, 1982 and
2 3
1983. The general equation is Y = a + bX^ + cX^ + dX^ + eX2 , 
where Y = log of ascospores trapped, X^ is log of distance from 
the inoculum source, and X 2  is a factor to relate trap location 
to the mean wind direction, with a value of 0 when traps were 
directly downwind, and 1,2,and 3 when traps were 30, 60 and 90° 
off the wind, respectively. All regressions were tested at the 
95% confidence level; ns = not significant.
Test Date a b e d e R2
1232
1
AOH1o» ns ns ns ns ns .33
2 12-20 Kay ns ns ns ns ns .31
3 23-25 Kay ns ns ns ns ns .25
4 22 Kay - 2 June ns ns ns ns ns .37




1 24 April ns ns ns ns ns .13
2 25 April ns ns ns ns ns .14
3 25 April ns ns ns ns ns .23
4 25-25 April ns ns ns ns ns .32
5 11 Kay ns ns ns ns ns .44










1 0 - 3
Ascospores m
Figure 8. Patterns of ascospore dispersal on 24-25 April (A) 
and 11 May (B), 1983. Spore traps were set up according to 
design B (Fig. 2).
Table 2. Lesions recorded and ascospores trapped at specified 
distances from a point source of inoculum. Leaves were unprotected 






1 3.0 7 1 47
2 9.1 2 0 31
3 21.3 2 3 16
4 33.5 0 0 14
5 44.7 0 0 6
6 57.9 2 0 12
7 76.1 1 1 12
8 12.2 1 0 36
9 21.3 0 0 12
10 39.5 0 1 7
11 3.0 0 0 39
12 12.2 2 0 11
13 3.0 0 0 27
14 3.0 8 5 29
15 9.1 0 4 20
16 21.3 0 2 4
17 12.2 0 0 10
18 15.3 0 0 12
1Site locations presented in.Fig. 1.
^Number of lesions recorded for a 
at each site.
mean of 85 clusters and 69
3
Total ascospores trapped during the primary season by spore 
placed at each site.
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Table 3. Lesions recorded and ascospores trapped at specified
distances frcm a point source of inoculum. Leaves were unprotected
by fungicide during the 1983 primary apple scab season.
2
 ^ Distance (m) from  Lesions  Ascospores^
Site inoculum source Cluster Terminal trapped
1 6.1 0 8 26
2 15.2 3 0 15
3 27.4 1 0 8
4 39.6 0 1 16
5 51.8 0 2 13
6 64.0 0 0 10
7 6.1 0 0 42
8 15.2 0 0 31
9 27.4 0 0 20
10 39.6 1 0 14
11 51.8 0 0 19
12 64.0 0 2 21
■'"Site locations presented in Fig. 2.
^Number of lesions recorded for a mean of 85 clusters and 69 terminals 
at each site.
3
Total ascospores trapped during the primary season by spore trap 
placed at each site.
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Lycopodium s tu d ie s  
Design C (Fig. 3). Four t e s t s  w ere  c o m p le te d  u s in g  th e  c i r c u l a r  
d e s ig n .  W eather c o n d i t io n s  f o r  a l l  t e s t s  w ere  d ry , a l th o u g h  c lo u d  
cover v a r ie d  from none to  cloudy. Wind v e lo c i ty  was g e n e ra lly  l ig h t ,  
w i th  a  maximum o f  4.8 m s - l  on 31 O c t. Wind v e l o c i t y  and  d i r e c t i o n  
fo r  each t e s t  a re  g iven  in  T able  4.
When spore  tra p p in g  d a ta  fo r  a l l  r e le a s e s  com prising  a  t e s t  were 
combined, a t  l e a s t  1  sp o re  was trap p ed  in  every t r a p ,  b u t sp o re s  were 
n o t alw ays recorded  a t  each t r a p  fo r  in d iv id u a l sp o re  r e le a s e s  CTable 
5). T h e re  w as a  150 f o l d  (15 Nov) t o  12 ,650  f o l d  (29 Nov) d i f f e r e n c e  
in  th e  number o f sp o res  trap p ed  upwind and downwind from  th e  source. 
The d i r e c t io n a l  range o f  sp o re  d is p e r s a l  was equal to  o r g re a te r  th an  
th e  range in  wind d i r e c t io n  (Appendix C, F igs. 1 -4 ). More sp o res  w ere 
trap p ed  when w inds w ere l i g h t e r  (Table 4). From v is u a l  o b se rv a tio n s  
o f sp o re  c loud  d is p e r s a l  made du rin g  th e  t e s t s ,  i t  was d e term ined  th a t  
in  s tro n g e r  w inds sp o re s  tended  to  rem ain c lo se  t o  th e  ground near th e  
sou rce , w ith  l e s s  v e r t i c a l  d is p e rs io n . With l i g h t e r  w inds, v e r t i c a l  
d is p e r s a l  was g re a te r  c lo se r  to  th e  sou rce  and th e  c e n te r  of th e  sp o re  
c loud  was more c lo s e ly  a lig n e d  w ith  th e  spore  t r a p s  which w ere a t  a 
h e ig h t  o f  0 .9  m.
Horizontal Dispersal: Design B (Fig. 2). E ig h t  t e s t s  w ere  c o n d u c te d  
when th e  wind d i r e c t io n  was from  th e  SE o r E, th e reb y  in s u r in g  th a t  a t  
l e a s t  one l i n e  o f  s i x  s p o re  t r a p s  w as downwind o f  th e  s p o re  s o u rc e . 
Few s p o r e s  w ere  t r a p p e d  d u r in g  any t e s t  (T ab le  6 ; A ppendix  C, F ig . 
5a-g). Excluding th e  t r a p  p laced  d i r e c t ly  above th e  r e le a s e  p o in t (S),
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t h e  g r e a t e s t  num ber o f  s p o r e s  w as t r a p p e d  by th e  s p o re  t r a p  c l o s e s t  
(6.1 m) t o  th e  sp o re  sou rce . One ex cep tio n  was t e s t  4 CTable 6 ) , when 
th e  m o st s p o r e s  w ere  t r a p p e d  52 m from  th e  s o u rc e . O nly i n  t h r e e  
in s t a n c e s  w e re  m ore th a n  t e n  s p o re s  ( 1 1 0  s p o re s  m- -* a ^ t ) t r a p p e d  
(T ab le  6 ) , once  i n  t e s t  f o u r  a t  t r a p  11, and  tw ic e  i n  t e s t  6  a t  t r a p s  
one and e leven . S ig n i f ic a n t  re g re s s io n  e q u a tio n s  w ere c a lc u la te d  fo r  
t e s t s  two, th r e e  and s ix  (Table 7), b u t th e  re g re s s io n  in  t e s t  tw o i s  
m is le a d in g  b e c a u s e  t h e r e  w ere  s e v e n  t r a p s  w h ich  t r a p p e d  no s p o re s  
(Table 6 ). A s ig n i f i c a n t  re g re s s io n  was a ls o  c a lc u la te d  when th e  d a ta  
from a l l  seven t e s t s  w ere combined (Table 7). The d is p e r s a l  p a t te r n s  
f o r  th e  t e s t s ,  p r e s e n te d  i n  A ppendix  C (F ig . 6 a - g ) ,  w ere  s i m i l a r  t o  
th e  asco sp o re  d is p e r s a l  p a t te r n s  p re sen te d  in  F ig u re  8 .
H o r iz o n ta l  D is p e r s e d :  D e s ig n  D (F ig  5). S ix  t e s t s  w ere com pleted  on 
22 A u g u st, 1983 (T ab le  8 ) ,  a  c l e a r  day w i th  w ind  from  th e  S, b u t 
v a r y in g  t o  E t o  S x W. W ind v e l o c i t y  f o r  th e  f i r s t  t h r e e  t e s t s  w as 
m o d e ra te , from  0.9 -  5.3 m s ” * , th e n  l e s s  (0.0 -  1.8 m s “ *) f o r  th e  
rem ain ing  t e s t s .
In  each  t e s t ,  t h e  m ost s p o re s  w e re  t r a p p e d  a t  one o f  th e  fo u r  
sp o re  t r a p s  c lo s e s t  t o  th e  spo re  so u rce  (Table 8 ; Appendix c, F ig . 7 a - 
f ) .  Comparing th e  maximum number of sp o res  trap p ed  by any t r a p  t o  th e  
num ber t r a p p e d  0 .9  m abo v e  th e  in o cu lu m  s o u rc e ,  t h e r e  w ere  a lw a y s  
few er tra p p e d  above th e  source. The most sp o res  trap p ed  by th e  spore  
t r a p  p la c e d  abo v e  th e  s o u rc e  w e re  from  r e l e a s e s  d u r in g  l i g h t  w in d  
c o n d i t io n s .  The num ber o f  s p o re s  t r a p p e d  a t  e ac h  s i t e  in  t e s t s  1 -4  
w ere s im i la r  t o  th o se  tra p p e d  d u rin g  Lvcopodium t e s t s  u s in g  d e s ig n  A. 
T e s ts  f iv e  and s ix  had more sp o res  trap p ed  th a n  du rin g  any t e s t  u sing
Table 4. The effect of wind velocity on the number of spores of Lycopodium sp trapped by 
22 "Zuck" volumetric spore traps arranged in a circle with a diameter of 4 m (design C, Fig. 
Each test lasted three hours, with 1.0 g of spores released every 15 minutes.
Wind parameters
T< at Weather Directional Velocity (m s-l) Airborne spore ^
Date conditions range (°) Range Mean density (spores m air)
31 Oct Clear, 14 C 40 0-4.8 1.99 155,896
1 Nov Clear, 11 C 190 0-3.1 1.39 188,489
27 Nov Cloudy, 10 C 55 0-2.7 0.99 221,510
15 Nov Clear, -2 C 80 0-1.8 0.52 295,691
'''Total spores trapped by all traps.
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Table 5. Lycopodium spore densities (spores m air) at each site for tests completed with spore 
traps aligned in a circular pattern around a point source of spores (design C, Fig. 3).
Releases A, B, and C included the spores trapped in the first, second, and third hour of each test, 
respectively. During each hour, 4.0 g of Lycopodium spores were released, 1.0 g released 
every 15 min.
Te st  R e le ase 1 2 3 4 5
Trap
6 7 8 9 10 11




36 .7 2 2 . 0 0 7 . 3 2 50 7 .3 4 27 2 .0 34 33 .3 5 9 33 . 8 202 20 .5 18757.3 16448.5
112.5 67 79 . 4 10338.2 212 50 .0 474 26 .4 56 76 .4 5 33 75 . 0 24066 .1 511 02 .9 45875 .0 23735 .2
T o t a l 59 . 5 2 281 .8 34 48 .5 7 090 .6 16656.8 33 33 .2 19083.1 11583 .3 24 32 5 . 9 23237 .7 13894.5
A 1279 .4 12220 .5 9 3 3 0 . 8 2073 . 5 23 89 .7 3911 .7 2838 .2 9 5 . 6 7 . 3 7 . 3 2 9 . 4
B 8 1 4 7 . 0 6 36 7 .6 1036.7 6 6 . 2 0 36 .7 14.7 0 7 . 3 14.7 2 2 . 0
C 8 61 7 .0 19514.7 17375.0 56 014 .7 273 38 .2 14 .7 7 . 3 117.6 0 29.4 22 . 0
T o t a l 6 01 4 .4 9 03 4 .3 9247 .5 19384.8 9 90 9 . 3 1321.0 95 3 . 4 71 .1 4 . 8 17.1 24 . 4
A 19757.3 36 10 . 3 5 75 0 .0 7852 .9 5 58 0 .8 75779 .4 79801.4 6 362 5 . 0 125 .0 7 . 3 125 .0
B 9 60 2 .9 4 71 3 .2 1044.1 36 91 .1 2 17 3 5 .3 29220 .6 4 3 25 0 .0 4 57 3 . 5 19213.2 75948 .5 30 500 .0
C 8504 .5 263 60 .3 60 558 .5 16000.0 4 135 .1 788 10 .8 34648 .6 1774.7 9 0 . 1 2 52 . 2 126.1
T o t a l 13200.5 10850 .3 204 43 .8 89 46 .5 11160.4 61 572 .2 55029 .4 25326 .2 7 058 .8 27695 .2 11173.8
A 16088.2 2610 .3 32316 .1 49 036 .7 34183 .8 4 57 0 5 . 8 42 301 .5 12661.7 61 98 . 5 9 7 0 .6 2 2 . 1
B 742 .6 779 .4 11441.1 17294.1 34 713 .2 310 07 .3 33691.1 2823 .5 13911.7 12772.1 4 84 5 . 6
H
c 23 52 . 9 2529 .4 290 00 .0 31 147 .0 45691 .1 2 98 5 .3 2926 .4 124897.0 8 8 2 .3 44 .1 0
T o t a l 7 20 2 .9 1861.7 23302 .9 327 61 .7 36 697 .0 30 685 .3 30982 .3 31173 .5 8 22 0 .6 5 50 5 .8 1950.0
Table 5. cont.
Te st R e le ase 12 13 14 15
Trap 
16 17 18 19 20 21 22
A 55 58 . 8 5 0 8 0 . 8 2 397 .0 0 44 . 1 0 2 2 . 0 0 2 2 . 0 14.7 36 .7
1
B 278 97 .0 275 22 .0 51 .4 102 .9 2 2 . 0 14 .7 7 . 3 0 0 29 .4 29 . 4
C 16485 .3 12529.4 9 1 1 .7 6 6 . 2 6720 . 5 3985 . 3 794.1 28 38 . 2 6 6 . 2 566 .2 23 5 . 3
T. t a l 16647.0 15044 .0 1120 .0 5 6 . 3 22 62 . 2 1333.3 274 . 4 9 4 6 . 0 2 9 . 4 203 .4 100.4
A 36 .7 6 6 . 2 5 9 5 .5 1588.2 94 1 3 2 . 3 11014.7 52823 .5 28698 .5 17301.4 19433.8 10198.5
B 22 .0 29 .4 0 44 .1 2566 .1 2360 . 3 9 04 . 4 2176 .4 14264 .7 23602 .9 33727 .9
C 14.7 29 .4 . 7 . 3 0 9 5 . 5 176 .4 9 2 6 . 4 . 8 9 6 3 . 2 . 37 720 .5 19161 .7 207 32 .8
T o t a l 24 .4 4 1 . 6 20 0 .9 54 4 .1 32264 .6 4517 . 1 18218.1 13279.3 23095 .5 20 732 .8 19588 .2
A 7 . 3 14 .6 14.6 29 .4 20 5 . 8 73 .5 7 . 3 23 5 .3 9 830 .8 11227.9 16088.2
o
B 3669 . 1 60 14 . 7 26867 .6 13330.8 10102.9 19323.5 8411 . 7 889 .7 8 8 . 2 51 .5 97 86 .7
C 3 6 . 0 4 5 . 0 2 7 . 0 27 . 0 270 . 2 2 7 . 0 5 4 . 0 0 6 48 6 . 5 7423.4 11585.5
T o t a l 1347.6 2 20 5 . 8 9 783 .4 4 86 6 .3 38 28 . 8 7061 .5 3077 .5 40 9 .1 5532 . 1 6 30 4 .8 12847 .6
A 0 6 9 1 . 2 264.7 2 757 .3 2 61 0 .3 1051.5 1323.5 338 .2 2 35 . 3 1205.8 48 23 . 5
B 7 .3 14 .6 7 . 3 7 . 3 110 .3 0 7 . 3 0 14 .6 2 2 . 0 22 0 .6
C 0 0 29 .4 0 4 4 . 1 14 .7 29 .4 29 .4 14.7 14.7 5 8 . 8
To t a l 2 .9 28 2 . 3 108.8 1105.8 1105.8 42 3 . 5 5 3 8 . 2 141 .2 102.9 49 4 .1 2029.4
Table 6. Airborne spore densities (spores m  ^air) for Lycopodium 
releases with spore traps aligned along horizontal transects 
from a point source of spores (design B, Fig. 2).
Distance (m)   Test
Prap from source 1 2 3 4 5 6 7 Tota!
S 0.0 126 116 116 105 316 2063 253 3096
1 6.1 95 53 95 21 42 168 11 484
2 15.2 11 0 33 22 0 56 0 122
3 27.4 11 22 11 22 22 22 11 122
4 39.6 33 44 33 33 11 11 11 178
5 51.8 55 0 22 56 22 11 22 189
6 64.0 21 0 42 21 32 11 11 137
7 6.1 11 11 21 84 32 11 21 189
8 15.2 11 0 22 56 22 11 0 122
9 27.4 22 0 22 89 22 11 0 167
10 39.6 11 0 11 44 11 0 0 78
11 51.8 0 0 12 129 36 12 0 188
12 64.0 33 0 22 56 22 11 0 144
13 6.1 10 10 20 40 20 190 30' 320
14 15.2 10 0 10 10 20 40 40 ‘ 130
15 27.4 20 0 20 10 0 10 10 70
16 39.6 10 20 0 0 20 10 10 70
17 '6.1 53 11 42 21 42 53 11 232
18 15.2 20 0 40 40 20 20 10 150
19 27.4 21 31 53 31 42 11 11 199
Total spores trapped by each trap for all tests.
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Table 7. Regression equations for Lycopodium spore dispersal. The
2 3general equation, Y = a + bX^ + cX^ + dX^ + eX£ was used, where 
Y = log of spores trapped, X^ is log of distance from the spore 
source and X ^ is a factor to relate trap location to mean wind 
direction, with a value of 0 when traps were directly downwind 
and 1, 2, or 3 when traps were 30, 60, or 90° off the wind, 
respectively. All regressions were tested at the 95% confidence 
level; ns = not significant.
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Test a b c
Design B
1 ns ns ns
2 102 -257 202
3 1.12 -0.737 ns
4 ns ns ns
5 ns ns ns
6 -0.935 ns ns
7 ns ns ns
Total 2.81 -2.4 0.816
Design D
1 0.946 -2.53 ns
2 ns ns ns
3 ns ns ns
4 ns ns ns
5 -0.718 ns ns
6 ns ns ns
Total 2.36 -0.757 ns
Design £
1 6.03 -1.66 ns
2 9.34 -4.02 ns
3 6.0 -2.56 ns
4 ns ns ns





-51.2 ns .55 ± 2.565
ns 0.961 .91 -  0.1023
ns ns .14
ns ns .19
ns 1.19 .22 -  1.669
ns ns .16
ns ns .51 -  0.0225




ns 0.913 .23 -  1.575
ns ns .06
ns ns .43 * 0.0814
ns -1.7 .39 - 3.494
ns -2.0 .70 -  1.885
ns -0.222 • CD **4 ± 0.0752
ns ns .18
ns -0.228 .69 -  0.223
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Table 8. Lycopodium spore densities (spores m air) for tests 
completed with spore traps aligned along four horizontal 


























from source 1 2
0 . 0 1 7 7 .0 7 7 . 7 1 0 0 . 0
3 . 0 1 1 1 . 1 33 .3 1 2 2 . 2
7 . 5 1 4 4 .4 1 1 . 1 5 5 . 5
1 2 . 2 23 1 .5 0 8 4 . 2
1 5 . 8 2 2 2 .1 1 0 . 5 9 4 . 7
2 1 . 3 9 4 . 7 2 1 . 0 2 1 . 0
2 5 . 9 5 2 . 5 0 0
3 . 0 1 0 0 . 0 3 3 . 3 1 4 4 . 4
7 . 5 4 4 . 4 33 .3 1 1 1 . 1
1 2 . 2 7 7 . 7 33 . 3 7 7 . 7
1 5 . 8 0 2 1 . 1 7 3 . 7
21 .3 0 1 0 . 5 3 1 . 5
2 5 . 9 0 3 1 . 5 2 1 . 1
3 . 0 2 2 . 2 1 1 1 . 1 4 4 . 4
7 . 5 5 5 . 5 7 7 . 7 5 5 . 5
1 2 . 2 0 0 6 5 . 5
1 5 . 3 1 0 . 5 31 . 5 4 2 . 1
2 1 . 3 1 0 . 5 2 1 . 1 2 1 . 1
2 5 . 9 1 0 . 5 4 2 . 1 7 3 . 7
3 . 0 33 3 . 3 7 7 . 7 1 3 3 . 3
7 . S 2 2 . 2 3 3 . 3 - 1 1 . 1
1 2 . 2 2 2 . 2 2 2 . 2 0 '
1 6 . 8 1 0 .  S 2 1 . 0 1 0 . 5
2 1 . 3 0 3 1 . 6 0
2 5 . 9 1 0 . 5 1 0 . 5 0
Test
4 S 6 T o t a l
4 4 . 4 3 1 1 . 1 82 2 . 2 1 5 3 2 . 4
1 1 . 1 1 7 7 . 7 1 4 5 5 . 5 1 9 1 0 . 9
3 3 . 3 3 4 4 . 4 9 5 5 .5 1 5 4 4 . 2
4 2 . 1 1 6 8 . 4 6 4 2 . 1 1 1 5 8 . 3
2 1 . 0 3 4 7 . 4 3 4 7 .4 1 0 4 2 . 1
4 2 . 1 1 3 6 . 8 2 0 0 . 0 5 1 5 . 6
3 1 . 5 2 1 . 1 1 0 5 . 3 2 1 0 . 6
5 5 . 5 5 7 7 . 7 2 4 4 . 4 1 1 5 5 . 3
5 5 . 5 9 9 . 9 2 7 7 . 7 6 2 1 . 9
9 9 . 9 1 1 . 1 1 1 1 . 1 4 1 0 . 8
3 1 . 5 1 0 . 5 1 0 5 . 3 2 4 1 . 6
5 2 . 5 1 0 . 5 8 4 . 2 1 8 9 . 4
3 1 . 6 2 1 . 1 0 1 0 5 . 4
3 1 1 . 1 1 1 . 1 1 1 . 1 5 1 1 . 0
2 22 . 2 0 2 2 . 2 4 3 3 . 1
3 3 . 3 2 2 . 2 0 1 2 2 . 1
3 1 5 . 7 1 0 . 5 1 0 . 5 4 2 0 . 8
2 0 0 . 0 2 1 . 1 2 1 . 1 2 9 4 . 9
2 1 . 0 1 0 . 5 2 1 . 1 1 7 8 . 9
4 0 0 . 0 1 1 . 1 3 3 . 3 9 8 8 . 7
2 5 5 . 5 2 2 . 2 8 8 . 8 4 3 3 . 1
2 2 . 2 4 4 . 4 1 1 . 1 1 2 2 . 1
2 1 . 0 0 1 5 7 . 9 2 2 0 . 9
0 1 0 . 5 9 4 . 7 1 3 6 . 8
4 2 . 1 1 0 . 5 1 2 5 . 3 1 9 9 . 9
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d e s ig n  B. R e g r e s s io n s  f o r  e ac h  t e s t  and  th e  com bined  d a ta  a r e  
p re se n te d  in  T ab le  7. Spore d is p e r s a l  p a t te r n s  fo r  each t e s t  and th e  
combined d a ta  a re  d e p ic te d  in  Appendix C (Fig. 8 a - f ) .
H o r iz o n ta l  D i s p e r s a l :  D esig n  E (F ig  6 ). D esig n  E w as s i m i l a r  to  
d e s ig n  D, b u t  th e  t r a p s  w ere  p la c e d  a t  6  m i n t e r v a l s  up t o  30 m fro m  
th e  source ra th e r  th an  4.5 m in te r v a ls  up to  23 m from th e  source. In  
each t e s t ,  5 g o f  Lvcopodium sp o res  w ere re le a se d , 10 tim e s  th e  number 
re le a se d  in  p rev io u s  d is p e r s a l  t e s t s  w ith  Lvcopodium sp o res.
The m ajor e f f e c t  o f  in c re a s in g  th e  numbers o f sp o res  re le a s e d  was 
th e  d e t e c t i o n  o f  s t e e p  s p o re  d e n s i ty  g r a d i e n t s  in  each  t e s t .  A 
maximum o f  58,912 sp o re s  m- ^ a i r  was m easured 1 m from  th e  so u rce  in  
t e s t  3 (T ab le  9) w h i le  99% fe w e r  s p o re s  (76.4 , 235 .2 , 229 and 53 
s p o re s  m“ ^ a i r )  w ere  t r a p p e d  30 m from  th e  s o u rc e  in  th e  sam e t e s t .  
S im ila r  g ra d ie n ts  w ere d e te c te d  in  th e  o th e r  t e s t s  (Table 9; Appendix 
C, F ig . 9 a-e). S ig n i f ic a n t  re g re s s io n  eq u a tio n s  w ere c a lc u la te d  fo r  
a l l  t e s t s  excep t 4 in  which th e  few es t sp o res  were trap p ed  (Table 7). 
The d is p e r s a l  p a t te r n s  f o r  a l l  t e s t s  a re  d e p ic te d  in  Appendix I I I  (Fig 
lO a -e ) .
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Table 9. Lycopodium spore densities (spores m air) for tests 
completed with spore traps aligned along four horizontal 
transects from a point source of spores (design E, Fig. 6).
Distance (m) Test
Trap from source 1 2 3 4 5
1 1 6958 37912 58912 3429 21758
2 6 1682 11894 7953 24 3906
3 12 700 8041 1447 29 147
4 18 271 4876 247 12 77
5 24 6 1500 94 0 18
6 30 6 965 76 6 59
7 6 1494 9547 4771 265 1759
8 12 812 2571 1088 53 1288
9 18 329 1812 853 59 506
10 24 682 1388 253 18 729
11 30 476 735 235 12 194
12 6 22835 5306 5512 5247 9418
13 12 6735 2035 2159 1941 2059
14 18 3994 6 1459 247 1018
15 24 794 12 82 706 547
16 30 194 6 229 706 147
17 6 2759 912 5018 4441 8853
18 12 100 6 377 347 500
19 18 0 0 341 129 153
20 24 0 12 47 377 35
21 30 6 0 53 18 35
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D iscussion
One f a c t  m o st a p p a r e n t  from  t h i s  s tu d y  i s  t h a t  s u c c e s s f u l  
m odeling of spo re  d is p e r s a l  r e q u ire s  e i th e r  la rg e  numbers o f sp o res  o r 
sp o re  tra p p in g  over very  s h o r t  d is ta n c e s . An example o f th e  l a t t e r  i s  
th e  s tu d y  d e s c r ib e d  i n  C h a p te r  V o f  t h i s  d i s s e r t a t i o n .  In  th e  
g la s s h o u s e ,  s t e e p  g r a d i e n t s  o f  a i r b o r n e  a s c o s p o re  d e n s i t y  w ere  
d e te c te d  w ith in  2 . 8  m o f an inoculum  source o f l e s s  th a n  2 0 0  scabbed 
le a v e s .
A sco sp o re  d i s p e r s a l  in  th e  o rc h a rd  was e n t i r e ly  d i f f e r e n t  from 
th e  g la s s h o u s e  s tu d y , w i th  no g r a d i e n t s  d e t e c t e d  f o r  any i n f e c t i o n  
p e rio d  in  1982 o r 1983. Ascospore d e n s i t i e s  in c re a se d  and decreased  
randomly w ith  d is ta n c e  from  th e  inoculum  sou rce . S im ila r  r e s u l t s  w ere 
o b ta in ed  fo r  d is p e r s a l  o f Lvcopodium sp o res  when 0.5 g o f sp o res  were 
re le a se d . T h is  p a t te r n  was observed  when spo re  t r a p s  w ere p laced  up t o  
64 m (D esign  B) o r  26 m from  th e  s o u rc e  (D esign  D). One e x p la n a t io n  
f o r  t h i s  p a t t e r n  i s  t h a t  th e  p re s e n c e  o f  t r e e s  i n  th e  o rc h a rd  
in c r e a s e d  tu r b u le n c e ,  w i th  a i r  s t r e a m s  m oving a ro u n d  t r e e s .  In  th e  
p r o c e s s ,  a  s p o re  c lo u d  m ig h t b y -p a s s  one t r a p  b u t p a s s  by a n o th e r  
f u r th e r  away. Another e x p la n a tio n  i s  t h a t  a i r  c u r re n ts  may move above 
t r e e s  a t  one l o c a t i o n  and  th e n  s e t t l e  back  i n t o  th e  o rc h a rd  a t  
a n o th e r  f u r t h e r  dow nw ind. T h is  random  p a t t e r n  w as d i f f e r e n t  from  
th o s e  r e p o r te d  i n  o th e r  s p o re  d i s p e r s a l  s t u d i e s  (9 ,4 7 ) , b u t  th o s e  
s t u d i e s  had  b een  c o n d u c te d  o v e r f i e l d  c ro p s  o r  g r a s s  f i e l d s ,  
agroecosystem s w ith  much l e s s  a i r  tu rb u le n c e  th a n  an o rchard .
Another p o s s ib i l i t y ,  however, i s  t h a t  th e  i r r e g u la r  p a t te r n s  of 
d is p e r s a l  w ere r e f l e c t i v e  o f low sp o re  d e n s i t i e s  away from  th e  source
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r a th e r  th an  complex w ind c u rre n ts . That i s ,  ra p id  d if f u s io n  o f th e  
sp o re  cloud r e s u l te d  in  a irb o rn e  spo re  d e n s i t ie s  which were randomly 
d i s p e r s e d  beyond 10 m from  th e  s o u rc e . A irb o rn e  s p o re  d e n s i ty  
g ra d ie n ts  can n o t be d e te c te d  when sp o res  a re  randomly d isp e rse d . The 
la c k  o f  c o r r e l a t i o n  b e tw e e n  a i r b o r n e  s p o re  d e n s i t i e s  and  d i s t a n c e  
u sin g  re g re s s io n  a n a ly s is  in  t h i s  study  su p p o rts  th e  c o n ten tio n  th a t  
a i r b o r n e  s p o re  n um bers  w ere  to o  s m a l l  t o  d e t e c t  any p r e d i c t a b l e  
p a t te r n s .
By in c re a s in g  th e  amount of sp o res  re le a se d  from 0.5 t o  5.0 g in  
th e  Lvcopodium t e s t s ,  th e  c a l c u l a t i o n  o f  s t a t i s t i c a l l y  s i g n i f i c a n t  
re g re s s io n  eq u a tio n s  was p o s s ib le  fo r  fo u r t e s t s .  The one t e s t  w ith  
no c o r r e l a t i o n  had  th e  f e w e s t  num ber o f  s p o re s  t r a p p e d . The s lo p e  
(b) o f  th e  r e g r e s s io n  l i n e s  f o r  d e s ig n  E ra n g e d  from  -1 .6 6  t o  -4 .0 2 , 
w i th  a  mean o f  -2 .6 9 . S re e ra m u lu  and  R a m ilin g a n  (110) ex am in ed  
d e p o s it io n  of Lvcopodium sp o res  on g la s s  s l id e s  p laced  h o r iz o n ta l ly  up 
t o  30 m from  a p o in t  s o u rc e .  V a lu e s  o f  b f o r  t h e i r  s t u d i e s  ra n g e d  
fro m  -1 .1 7 4  t o  -2 .1 1 9  (47). In  th e  p r e s e n t  s tu d y , b w as h ig h e r ,  
p o s s ib ly  b e c a u se  th e  v o lu m e t r ic  s p o re  t r a p s  u sed  w ere  much m ore 
e f f i c i e n t  th an  g la s s  s l id e s  in  tra p p in g  sp o res  and would t r a p  a  la rg e r  
p r o p o r t io n  o f  s p o re s  c l o s e r  t o  th e  s o u rc e  r e s u l t i n g  i n  a  s t e e p e r  
g ra d ie n t, g iven  th a t  f l a t t e n in g  o f th e  g ra d ie n t was d e te c te d  in  both  
s tu d ie s .
For th e  rem ain ing  Lvcopodium t e s t s ,  sp o re  tra p p in g  d a ta  from each 
d esig n  w ere combined t o  c a lc u la te  r e g r e s s io n  e q u a t io n s .  The s lo p e s  
fo r  d e sig n s  A and B w ere -2 .4  and -0.757, re s p e c tiv e ly . S t a t i s t i c a l l y  
s ig n i f ic a n t  re g re s s io n  eq u a tio n s  w ere  a l s o  c a l c u l a t e d  f o r  a s c o s p o re  
d i s p e r s a l  in  1982 and  1983 by c o m b in in g  a s c o s p o re  t r a p p in g  d a ta  f o r
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a l l  r e l e a s e  p e r io d s .  W h ile  t h e s e  e q u a t io n s  p r e d i c t  a  m e a s u ra b le  
g ra d ie n t, th e  g ra d ie n ts  a re  in d ic a t iv e  of g ra d ie n ts  t h a t  m ight occur 
i f  th e  season’s  supply  o f asoospo res w ere re le a s e d  a t  once. A s im ila r  
g r a d i e n t  from  a s i n g l e  i n f e c t i o n  p e r io d  w ould  r e q u i r e  t h r e e  t o  f i v e  
tim e s  th e  inoculum  used in  t h i s  study . The s lo p es  o f th e  l in e s  w ere 
-0 .8 5 9  (1982) and  -1 .2 7  (1983), i n d i c a t i n g  a  l e s s  s t e e p  g r a d ie n t  f o r  
asco sp o res . The asco sp o re  g ra d ie n ts  were no t a r e s u l t  o f wind speed, 
a s  w in d s  d u r in g  i n f e c t i o n  p e r io d s  w ere  o f t e n  a s  l i g h t  a s  th o s e  
m easured d u rin g  Lvcopodium t e s t s .  A lso, ascospo re  g ra d ie n ts  w ere l e s s  
s te e p  d e s p ite  th e  p resen ce  of r a in  d u rin g  p e r io d s  of ascospore  re le a s e  
which would te n d  to  reduce a irb o rn e  ascospore  d e n s ity  by a  scru b b in g - 
o u t p r o c e s s .  T h a t a s c o s p o re  g r a d i e n t s  w ere  l e s s  s t e e p  th a n  
Lvcopodium g ra d ie n ts  i s  n o t s u rp r is in g  because th e  te rm in a l v e lo c i ty  
o f ascospo res i s  0.2 cm“2, compared t o  1.76 -  2.14 cm- ^ fo r  Lvcopodium 
s p o re s  (46). T hus, m ore a s c o s p o re s  w ou ld  re m a in  in  s u s p e n s io n  a t  a  
g iv e n  d i s t a n c e  from  a  s o u rc e  th a n  Lvcopodium  s p o re s  a t  th e  same 
d is ta n c e , g iven  an equal number re le a se d .
The i n a b i l i t y  t o  c a l c u l a t e  s t a t i s t i c a l l y  s ig n i f ic a n t  re g re ss io n  
eq u a tio n s  f o r  in d iv id u a l asco sp o re  r e le a s e  p e rio d s  in d ic a te d  th a t  th e  
d i s t r ib u t io n  o f asco sp o res  was random w ith in  a  s h o r t d is ta n c e  from th e  
source. In  1982 and 1983, r e s p e c tiv e ly , 85% and 60% o f a l l  a sco sp o res  
t r a p p e d  w e re  w i th in  30 m o f  th e  in o cu lu m  s o u rc e . Beyond 30 m, th e  
num bers o f  a s c o s p o re s  t r a p p e d  v a r i e d  i r r e g u l a r l y  w i th  in c r e a s in g  
d is ta n c e  from th e  sou rce  (Fig. 7). Thus, fo r  t h i s  inoculum source  of 
1700 h e a a v i ly  sca b b e d  l e a v e s ,  30 m w as s u f f i c i e n t  f o r  th e  g r a d ie n t  
c u rv e  f o r  a i r b o r n e  a s c o s p o re s  t o  f l a t t e n ,  and beyond t h i s  d i s t a n c e ,  
th e  asoospo res w ere random ly d isp e rse d .
70
To r e l a t e  t h i s  s tudy  t o  a  s i tu a t io n  th a t  a  com m ercial grower in  
New Hampshire m ight en co u n te r, th e  fo llo w in g  c a lc u la t io n s  w ere made to  
d e sc r ib e  th e  inoculum  so u rce  in  te rm s o f abandoned o r u n tre a te d  ap p le  
t r e e s .  Assume t h a t  a l l  l e a v e s  on an  u n sp ra y e d  a p p le  t r e e  w i l l  f a l l  
beneath  th a t  t r e e  and f i l l  a  c i r c l e  w ith  a  d iam eter o f 6.1 m (9.2 m2). 
I f  th e  a v e ra g e  s i z e  o f  a  t e r m in a l  l e a f  i s  assum ed  t o  be 20 cm2 , th e n  
14 ,600  l e a v e s  w ould  f i t  u n d er th e  t r e e ,  o r  500 l e a v e s  m- 2  g ro u n d . 
T h is  i s  p ro b a b ly  a  h ig h  e s t i m a t e  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  t h e  
l e a v e s  w ould  n o t  f i l l  an  a r e a  t h a t  s i z e  b u t  r a t h e r  w ould  f a l l  
o v e r la p p in g  one a n o th e r .  S e c o n d ly , u n sp ra y e d  o r  s e v e r e ly  scab b ed  
t r e e s  te n d  t o  l o s e  l e a v e s  p r e m a tu r e ly .  T h is  w ould  r e s u l t  in  
c o n s id e ra b le  decom position  o f le a v e s  and re d u c tio n  in  inoculum p r io r  
t o  th e  o n s e t  o f  w in t e r .  A lso , o th e r  le a v e s  from  d i f f e r e n t  t r e e  and  
p l a n t  s p e c ie s  c o u ld  c o v e r  i n f e c t e d  l e a v e s  l a t e r  in  au tum n. The 
inoculum  sou rce  in  t h i s  s tudy  co n ta in ed  1700 le a v e s , (425 le a v e s  m“ 2), 
and was th u s  th e  e q u iv a le n t o f a t  l e a s t  one and probab ly  two or th re e  
abandoned o r unsprayed t r e e s  h e a v ily  in fe c te d  w ith  scab .
A c c e p tin g  t h i s ,  i t  c an  be s t a t e d  t h a t  beyond 30 m o f  a  t r e e  
h e a v i ly  i n f e c t e d  w i th  a p p le  s c a b  th e  p r e v io u s  g ro w in g  s e a s o n , 
a s c o s p o re s  from  i n f e c t e d  l e a v e s  w ou ld  be ran d o m ly  d i s p e r s e d  and 
a s c o s p o re  d e n s i t i e s  w o u ld  be a t  b ack g ro u n d  l e v e l s .  S h o r t  o f  an  
abandoned  o rc h a rd  a d j a c e n t  t o  a  c o m m e rc ia l o rc h a rd , t h e  e f f e c t s  o f  
unsprayed t r e e s  on inoculum  and d is e a s e  in  a  nearby com m ercial o rchard  
w ould  be m in im iz e d  by 30 m from  th e  in o cu lu m  s o u rc e . L ik e w is e , an  
i n d iv id u a l  p o c k e t o f  in o c u lu m  w i t h i n  an  o rc h a rd  w ould  n o t  h av e  a  
s u b s t a n t i a l  e f f e c t  i n  t h a t  o rc h a rd  beyond 30 m. B u r c h i l l  (15) 
d e te c te d  no i n f e c t i o n  on u n sp ra y e d  t r e e s  m ore th a n  15 m from  an
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in o cu lu m  s o u r c e w i th in  th e  o rc h a rd ,  and  H i r s t  and  S tedm an  (54) fo u n d  
t h a t  a irb o rn e  inoculum  le v e l s  in  an o rch ard  t r e a te d  w ith  d in i t r o - o r th o  
c re s o l  t o  reduce o v e rw in te r in g  inoculum  w ere n o t a f fe c te d  by inoculum  
from an u n tre a te d  o rch a rd  60 m beyond th e  u n tre a te d  o rchard . W ith a  
l a r g e r  in o cu lu m  s o u r c e ,  one t h a t  m ig h t r e s u l t  from  an  u n te n d e d  
o rchard , a g re a te r  d is ta n c e  would be re q u ire d  to  d im in ish  th e  e f f e c t s ,  
b u t t h i s  d is ta n c e  would p robab ly  be in  a  range of 100 to  200 m. K e i t t  
and  P a lm i te r  (65) ex am in ed  th e  d i s e a s e  g r a d i e n t  from  an  u n sp ra y e d  
o rc h a rd  i n t o  an  a d ja c e n t  o rc h a rd ,  an d  fo u n d  th e  g r a d i e n t  f l a t t e n e d  
w ith in  2 0 0  m.
The in c r e a s e  i n  d i s e a s e  w i th in  an  o rc h a rd  t h a t  r e s u l t s  from  an 
e x t e r n a l  in o cu lu m  s o u rc e  w i l l  be l e s s  th a n  b u t p r o p o r t i o n a l  t o  any  
re c o rd e d  in c r e a s e  in  in o c u lu m . In  th e  p r e s e n t  s tu d y , 8 6 % and 91% o f  
th e  le s io n s  reco rded  on u n p ro tec ted  lim b s  o ccu rred  l e s s  th an  1 0  m from  
th e  in o cu lu m  s o u rc e  in  1982 and 1983, r e s p e c t i v e l y .  F a r th e r  aw ay, 
th e re  was no d if f e r e n c e  in  th e  s e v e r i ty  o f d is e a s e  on unsprayed lim b s  
and  s p ra y e d  t r e e s  i n  th e  r e s t  o f  t h e  o rc h a rd . I t  w as i n i t i a l l y  
p o s tu la te d  t h a t  th e  low number o f le s io n s  was due to  r e d i s t r ib u t io n  o f 
f u n g ic id e  from  s p ra y e d  t o  u n sp ra y ed  p o r t i o n s  o f  t r e e s .  H ow ever, i t  
w as d e te rm in e d  (C h a p te r  IV) t h a t  few  l e s i o n s  a c t u a l l y  r e s u l t  fro m  
asco sp o re  in f e c t io n s ,  w ith  th e  number o f le s io n s  on a  t r e e  much l e s s  
th a n  th e  number o f asco sp o res  trap p ed  in  t h a t  t r e e .
S e v e ra l  o th e r  f a c t o r s  a l s o  s u g g e s t  t h a t  l a r g e  num bers o f  
a s c o s p o re s  w ou ld  n o t  be  t r a n s p o r t e d  f o r  lo n g  d i s t a n c e s  d u r in g  an  
in f e c t io n  p e rio d . F i r s t ,  th e  a i r  du rin g  an in fe c t io n  p e rio d s  ten d s  to  
be v e ry  h eav y , w i th  l i g h t  w in d s . A lth o u g h  New E ng lan d  i s  n o to r io u s  
fo r  i t s  "N o r'ea ste rs" , most sp rin g  r a in s  u su a lly  r e s u l t  from p ass in g
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f r o n ts  w ith  l i g h t  w inds d u rin g  th e  ra in y  p e r io d s  and b r is k  w inds p r io r  
to  and a f t e r  (80% o f  in f e c t io n  p e rio d s  from 1982 -  1985 had w inds o f 5 
m s ” 1  o r  l e s s ) .  In  l i g h t  w in d s , s p o re s  d i s p e r s e  m ore q u ic k ly  
v e r t i c a l l y  (46; T ab le  4 ), and d if f u s io n  of th e  spo re  c loud  occu rs  more 
q u ic k ly .  S e c o n d ly , th e  s c ru b b in g  e f f e c t  o f  r a i n  w ou ld  i n c r e a s e  
a sc o s p o re  d e p o s i t i o n  c lo s e  t o  th e  s o u rc e . T h i r d ly ,  m ost a s c o s p o re s  
a r e  r e l e a s e d  o v e r a  t e n  h o u r p e r io d  fro m  0700 t o  1800 h r  (78) a n d , a s  
shown in  t h i s  s tu d y  t h e r e  i s  u s u a l ly  c o n s id e r a b le  v a r i a t i o n  in  w ind  
d i r e c t i o n  (T ab le  4) an d  m ore v a r i a t i o n  i n  th e  d i r e c t i o n  o f  s p o re  
d i s p e r s a l  (A ppendix I I I ,  F ig . 1 -4 ) o v e r an  e x te n d e d  p e r io d  o f  s p o re  
re le a s e . Thus, i t  i s  u n lik e ly  th a t  many asco sp o res  w i l l  be re le a se d  
in  one d i r e c t io n  over th e  course  o f an in f e c t io n  p e rio d .
The ra p id  d i f f u s io n  o f a irb o rn e  asco sp o res  from a source  combined 
w ith  a  low frequency  o f p rim ary  in fe c t io n s  su g g est t h a t  grow ers should  
be m ost concerned w ith  inoculum  o r ig in a t in g  w ith in  t h e i r  o rch a rd s  and 
no t from  an o u ts id e  sou rce . Because of t h i s ,  g row ers should  be ab le  
t o  u t i l i z e  a p p le  s c a b  m anagem ent p ro g ram s  w i th  re d u c e d  f u n g ic id e  
a p p l ic a t io n s  w ith o u t hav ing  t o  w orry about o u ts id e  inoculum  in c re a s in g  
d i s e a s e  l e v e l s  i n  t h e i r  o r c h a r d s .  When u n te n d e d  a p p le  t r e e s  a r e  
lo c a t e d  n e a r  a  c o m m e rc ia l o r c h a rd ,  i t  m ig h t be m ore e c o n o m ic a l t o  
adap t c u l tu r a l  o r  chem ical means to  reduce o v e rw in te rin g  inoculum  from  
th o s e  t r e e s ,  o r  t o  rem ove th e  t r e e s .  T h is  c o u ld  re d u c e  th e  need  f o r  
e a r ly  season  p ro te c ta n t  a p p l ic a t io n s  o f fu n g ic id e s  t h a t  m ight no t be 
needed in  th e  absence o f an inoculum source e x te rn a l to  a  com m ercial 
o rch a rd .
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CHAPTER IV.
QUANTIFICATION OF FCLIAR SCAB LESIONS RESULTING 
FROM PRIMARY APPLE SCAB INFECTIONS
In tro d u c tio n
In  ch ap te r I I I ,  re se a rc h  on th e  a irb o rn e  d is p e r s a l  o f asco sp o res  
o f  V. i n a e q u a l i s  w as p r e s e n te d .  S p o re  d i s p e r s a l  g r a d i e n t s  w ere  
m e asu re d  and  i t  w as c o n c lu d e d  t h a t  m ost in o cu lu m  i n  an  o rc h a rd  
o r i g i n a t e s  w i t h i n  t h e  o rc h a rd . Inocu lum  o r i g i n a t i n g  o u t s id e  an  
o rc h a rd  w ou ld  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  th e  am ount o f  s c a b  
o c c u r r in g  w i t h i n  t h a t  o rc h a rd , w i th  th e  p o s s i b l e  e x c e p t io n  o f  an  
abandoned o rchard  w ith in  1 0 0 - 2 0 0  m.
M ost a p p le  s c a b  m anagem ent p ro g ram s e m p h as iz e  f u n g ic id e s  t o  
c o n tro l th e  p rim ary  phase o f th e  d is e a s e  cy c le , because l im i t in g  th e  
num ber o f  p r im a ry  s c a b  l e s i o n s  w i l l  l e s s e n  th e  am ount o f  s e c o n d a ry  
s c a b  l a t e r  i n  t h e  g ro w in g  s e a so n . Two m ain  p ro g ram s  e x i s t  f o r  
s c h e d u l in g  f u n g ic id e  a p p l i c a t i o n s .  In  a  p r o t e c t a n t  p ro g ram  th e  
s t r a te g y  i s  t o  sch ed u le  fu n g ic id e  a p p l i c a t i o n s  b a se d  on t r e e  g ro w th  
s t a g e s ,  w i th  th e  f i r s t  a p p l i c a t i o n  a t  0.7 t o  1.3 cm (1 /4  t o  1 /2 ") 
g re e n , an d  s u b s e q u e n t a p p l i c a t i o n s  a t  t i g h t  c l u s t e r ,  p in k , b loom , 
p e ta l  f a l l ,  and th e  f i r s t  o r second cover spray  or u n t i l  th e  seaso n 's  
su p p ly  o f a s c o s p o re s  h a s  b een  e x h a u s te d  (5). A p p l ic a t io n s  o c c u r  a t  
app rox im ate ly  weekly in te r v a l s  in  a  p ro te c ta n t  program , and th e re  a re
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u s u a l ly  6 -7  s p r a y s  d u r in g  th e  p r im a ry  se a so n . In  an  e r a d i c a n t  
p ro g ram , t h e  s t r a t e g y  i s  t o  s c h e d u le  f u n g ic id e s  a c c o rd in g  t o  th e  
occurrence  o f in f e c t io n  p e rio d s  (97,106,122,136), u t i l i z i n g  fu n g ic id e s  
th a t  i n h ib i t  th e  fungus a f t e r  in fe c t io n  h as  occurred .
R e g a rd le s s  o f  th e  s t r a t e g y  u se d , th e  f u n g ic id e  d o se  i n  e ac h  
a p p l i c a t i o n  d u r in g  t h e  p r im a ry  s e a s o n  u s u a l ly  d o es  n o t  v a ry ,  a  
p r a c t ic e  t h a t  i s  seem ingly  based upon th e  b e l i e f  t h a t  le s io n  in c id en ce  
r e s u l t in g  from  each in f e c t io n  p e rio d  w i l l  a lw ays exceed a  to le r a b le  
th r e s h o ld .  H ow ever, s e v e r a l  v a r i a b l e s  d e te rm in e  l e s i o n  in c id e n c e :  
c u l t iv a r  r e s is ta n c e  to  V. in a e q u a lis , th e  amount o f s u s c e p tib le  l e a f  
t i s s u e ,  th e  d e n s i ty  o f  a i r b o r n e  a s c o s p o re s ,  w ind  s p e e d , r a i n  
in te n s i ty ,  te m p e ra tu re , h ou rs  o f l e a f  w etness , and fu n g ic id e  re s id u e . 
The purpose o f t h i s  s tudy  was t o  d e term ine  th e  r e la t io n s h ip  betw een 
a irb o rn e  asco sp o res  p re s e n t d u rin g  an in fe c t io n  p e rio d  and th e  le s io n  
d e n s i ty  t h a t  r e s u l t s  from  i n f e c t i o n s  by th e s e  a s c o s p o r e s .  The 
e f f e c t s  o f  c l u s t e r  and t e r m in a l  l e a f  a r e a  and m a tu r a t io n  on t h i s  
r e la t io n s h ip  w ere a ls o  examined. In  a d d itio n , scab developm ent on th e  
f r u i t  was m onito red  th roughou t th e  grow ing season  t o  de te rm in e  i f  th e  
o c c u r re n c e  o f  e a r l y  s e a s o n  f o l i a r  l e s i o n s  w as r e l a t e d  t o  th e  f i n a l  
in c id e n c e  o f  f r u i t  s c a b . The m ost s e r io u s  econom ic  c o n se q u e n c e s  o f  
a p p le  s c a b  i n  c o m m e rc ia l o rc h a rd s  r e s u l t  fro m  f r u i t  s c a b , b u t  th e  
in f e c t io n  o f th e  f r u i t  d u rin g  p rim ary  in fe c t io n  p e rio d s  has rece iv ed  
l i t t l e  a t t e n t io n  from  re se a rc h e rs .
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M a te ria ls  and Methods
Woodman Farm Study In  1984 and  1985, s t u d i e s  w e re  c o n d u c te d  in  a  
0.5 ha p la n tin g  o f sem i-dw arf M cIntosh ap p le  t r e e s  (EM-7 ro o ts to ck ) a t  
th e  U n iv e rs ity  o f New Hampshire Woodman Farm. The t r e e s  w ere spaced a t  
6.1 m in  rows 6.1 m a p a r t ,  and w ere app rox im ate ly  20 y e a rs  o ld , 4-5 m 
t a l l ,  and pruned in  a  c e n tr a l - le a d e r  system . Each ex p erim en ta l p lo t  
co n ta in ed  6  t r e e s ,  w ith  th re e  t r e e s  in  each of tw o rows (Fig. 1). One 
p l o t  (D, F ig . 1) had  o n ly  f i v e  t r e e s ,  and  a  t r e e  in  P l o t  B d ie d  d u r in g  
th e  s tu d y  in  1985.
A sp ray  schedu le  CTable 1) was designed  to  le av e  a  d i f f e r e n t  p lo t  
unsprayed fo r  each p rim ary  in fe c t io n  p e rio d . S u lfu r  (16.8 kg a i/h a )  
w as a p p l ie d  t o  e ac h  p l o t  p r i o r  t o  t h e  u n p r o te c te d  i n f e c t i o n  p e r io d .  
Two c h a r a c t e r i s t i c s  o f  s u l f u r  t h a t  fa v o re d  i t s  s e l e c t i o n  i n  t h i s  
s t r a te g y  were 1) i t s  la c k  o f a f t e r - in f e c t io n  a c t i v i t y  (50) and 2) i t s  
a b i l i t y  t o  p r o t e c t  t i s s u e  when a p p l ie d  p r i o r  t o  an  i n f e c t i o n  p e r io d  
com bined  w ith  an  i n e f f e c t i v e n e s s  t o  p re v e n t  s c a b  l e s i o n s  f o r  
subsequent in fe c t io n  p e r io d s  w ith o u t a n o th e r  a p p l i c a t i o n  (51). B ased  
on an  e a r l i e r  s tu d y  w i th  s u l f u r  (51), i t  w as assum ed  t h a t  i f  s u l f u r  
was a p p lie d  5 o r  more days p r io r  t o  an in fe c t io n  p e rio d , th e  in c re a se  
in  l e a f  t i s s u e  oombined w ith  r a i n f a l l  and o th e r  w eath erin g  e f f e c t s  on 
s u l f u r  d u r in g  th e  i n t e r v a l  fro m  a  s u l f u r  a p p l i c a t i o n  t o  a  p e r io d  o f  
exposure  t o  asco sp o res  would r e s u l t  in  in s u f f i c i e n t  p r o te c t io n  d u rin g  
t h a t  i n f e c t i o n  p e r io d .  F u n g ic id e s  a p p l ie d  a f t e r  th e  u n p r o te c te d  
in f e c t io n  p e rio d  w ere cap tan  (3.36 kg a i/h a )  in  1984 o r maneb 4F (8.33 
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Table 1. Woodman Farm o rch a rd  fu n g ic id e  s p r a y  schedu le  fo r  p lo t s  l e f t  
u n p r o te c te d  d u r in g  an  i n f e c t i o n  p e r io d  i n  th e  p r im a ry  a p p le  sca b  
season , 1984 and 1985.
P lo t
Fung ic ide  a p p lic a t io n s  
b e fo re  u n p ro tec ted  
in f e c t io n  period-^-
In fe c tio n  
p e rio d  w ith  
un p ro tec ted  
fo l ia g e
Fungicide a p p lic a t io n s  
a f t e r  u n p ro tec ted  
in fe c t io n  p e rio d ^
1984
A Nbne 3 - 5  May 7 ,1 3 ,1 8 ,2 5  May; 4 June
B 29 A p ril 8-9 May 13 ,18 ,25  May; 4 June
C 29 A p ril;  7 May 12-14 May 18,25 May; 4 June




A None 5-7 May 9 ,2 1 ,3 0  May; 4 ,11 June
B 23 A p r il ;  1 May 18-19 May 21,30 May; 4 ,11 June
C 23 A p r il ;  1 ,15^ May 21-22 May 24,30 May; 4,11 June
D 23 A p r il ;  1 ,9 ,2 1  May 27-29 May 30 May; 4 ,11 June
E 7 ,1 5 ,2 4  May 5-7 June 11 June
■^Sulfur a t  16.6 kg a i / h a  a p p l ie d  t o  p l o t s  p r i o r  t o  th e  i n f e c t i o n  
p e rio d  when f o l ia g e  was u n p ro te c ted .
^C ap tan  a t  3.36 kg a i / h a  (1984) o f  maneb 4 f a t  8.33 1 /h a  (1985) w as 
a p p lie d  t o  each p lo t  f o r  th e  rem ainder o f  th e  prim ary season .
^ T r i f o r in e  a t  2.21 1 a i / h a  w as a p p l ie d  b e c a u se  i t  h a s  a  p e r io d  o f  
p r o t e c t i o n  o f  o n ly  3 -5  d ay s  (105) and  w e a th e r  f o r e c a s t s  i n d i c a t e d  
th a t  s e v e ra l s to rm  f r o n ts  would be p a ss in g  through th e  a re a  from 16 
t o  23 May.
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sp ray e r (D-7032 S in d e lf in g en  6 , Box 20, W. Germany) d u rin g  th e  p rim ary  
season .
S ix  "Zuck" v o lu m e t r i c  s p o re  t r a p s  d e s ig n e d  by Zuck (135 ,136 , 
A ppendix  A) w ere  p la c e d  a t  e ach  o f  f o u r  t r e e s  w i th in  th e  d e s ig n a te d  
p l o t  t o  t r a p  a i r b o r n e  a s c o s p o re s  d u r in g  each  i n f e c t i o n  p e r io d  
(A ppendix E, F ig . 1). A t each  t r e e ,  t h r e e  t r a p s  w ere  p la c e d  0.9 m 
above g round  l e v e l  u n d e r th e  d r i p  l i n e  and t h r e e  t r a p s  w ere  p la c e d  
w i th in  th e  canopy  3 m above g ro u n d  l e v e l .  The s p o re  t r a p s  w ere  
powered by 12 VDC m otors (Herbach and Rademan Inc, P h ila d e lp h ia , PA) 
ru n  by DC pow er (A ppendix B). I n t e r v a l s  o f  t r a p  o p e r a t io n  w ere  
c o n tro l le d  fcy a  l e a f  w e tn ess  in d ic a to r  (Appendix B) and recorded  on a  
m od ified  hygrotherm ograph by a  pen arm th a t  responded t o  th e  a c t i v i t y  
o f th e  l e a f  w etness in d ic a to r  (81).
The tra p p in g  su r fa c e  fo r  each t r a p  was a  25 x 75 mm g la s s  s l id e .  
The s l i d e  w as n o t c o a te d  w i th  an  a d h e s iv e ,  b e c a u se  a s c o s p o re s  o f  V. 
in a e q u a lis  a re  ad h eren t (64). S l id e s  in  th e  low er (0.9 m) spo re  t r a p s  
w ere  changed  d a i l y  a t  0700, 1200, and  1800 h o u rs , E a s te r n  S ta n d a rd  
Time (EST). I f  th e re  was a  heavy downpour a t  th e  d e s ig n a te d  tim e , th e  
s l id e s  were changed a f t e r  th e  r a in  in te n s i ty  d im in ish ed . S lid e s  in  
th e  h ig h e r ( 3  m) spo re  t r a p s  w ere n o t changed u n t i l  th e  co n clu sio n  o f 
a n  i n f e c t i o n  p e r io d  b e c a u s e  o f  t h e  t im e  in v o lv e d  and  f o r  s a f e t y  
p u rp o s e s . S p o re s  w e re  d e p o s i te d  on each  s l i d e  i n  a  t h i n  band  
c o r re s p o n d in g  t o  th e  o r i f i c e  o f  th e  s p o r e  t r a p  (A ppendix A, F ig . 2 ). 
T h e  s p o r e  d e p o s i t s  w e r e  s e a l e d  i n  a  s o l u t i o n  o f  
G e lv a to l:w a te r :g ly c e ro l (35g:100ml :50ml) fo r  s to ra g e . The e n t i r e  band 
on each s l id e  was scanned and th e  asco sp o res  d e p o s ited  w ere recorded  
a s  'a sco sp o res  per s l i d e '.  A irborne asco sp o re  d e n s ity  (asoospores m~^
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o f a i r )  w as c a l c u l a t e d  by d iv id in g  th e  a s c o s p o re s  p e r  s l i d e  by th e  
cub ic  m e te rs  o f a i r  drawn th rough th e  t r a p  fo r  th e  sam pling  p e rio d .
The inoculum  so u rce  co n ta in ed  app ro x im ate ly  1700 le a v e s  h e a v ily  
i n f e c t e d  w i th  V. i n a e q u a l i s  th e  p r e v io u s  y e a r .  The le a v e s  w ere  
rem oved fro m  u n sp ra y e d  t r e e s  a t  th e  M ast Road r e s e a r c h  o rc h a rd  and  
o v e rw in te re d  in  w ir e  c a g e s  p la c e d  on th e  o rc h a rd  f l o o r .  The c a g e s  
w ere  t r a n s p o r t e d  t o  t h e  Woodman Farm p r i o r  t o  g re e n  t i p  in  e ac h  
g ro w in g  s e a s o n  and  a r ra n g e d  in  a  c i r c l e  a p p ro x im a te ly  2 . 8  m in  
d ia m e te r  in  th e  c e n te r  o f  th e  p l o t  s e l e c t e d  f o r  th e  f i r s t  i n f e c t i o n  
p e r i o d  (A p p e n d ix  E, F ig .  1 ) .  A "Z uck" t r a p  a n d  a  r e c o r d i n g  
v o lu m e tric  sp o re  t r a p  (36) w ere p laced  w ith in  th e  c i r c l e .  Follow ing 
th e  f i r s t  in f e c t io n  p e r io d  th e  sp o re  t r a p s  and th e  cages w ith  inoculum  
w ere  p la c e d  in  th e  p l o t  l e f t  u n p r o te c te d  f o r  th e  sec o n d  i n f e c t i o n  
p e rio d . H iis  p rocedure  was rep ea ted  fo r  each p rim ary  in f e c t io n  p e rio d . 
To m inim ize background inoculum , th e  e n t i r e  o rch ard  had been t r e a te d  
w ith  a  p o s t-  h a rv e s t  a p p l ic a t io n  of benomyl (900 g a i /h a )  j u s t  p r io r  
t o  l e a f  f a l l  i n  1983 and  1984 t o  re d u c e  o v e r w in te r in g  in o cu lu m . 
Benomyl reduces th e  o v e rw in te rin g  inoculum  by >99% (37).
Leaf area measurement. L e a f a r e a  w as e s t i m a te d  by s a m p lin g  30 
t e r m i n a l s  and 30 c l u s t e r s  e ach  w eek. The l e a v e s  from  each  te r m in a l  
and c lu s t e r  w ere removed and m easured w ith  a  L i cor p o r ta b le  l e a f  a re a  
m e te r  (Model L I-3 0 0 0 , L ic o r  In c , L in c o ln , NE 68504). R e g re s s io n  
eq u a tio n s  r e l a t in g  te rm in a l and c lu s t e r  grow th w ith  tim e  w ere used t o  
e s t i m a t e  th e  l e a f  a r e a  f o r  i n f e c t i o n  p e r io d s  t h a t  o c c u r re d  b e tw ee n  
sam pling d a te s . Leaf a re a  m easurem ents and c a lc u la t io n s  w ere fo r  one 
l e a f  s u r f a c e  o n ly . I t  w as assum ed  t h a t  th e  u p p e r and lo w e r  l e a f
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s u rfa c e s  w ere s u s c e p tib le ,  so  th e  c a lc u la te d  l e a f  a re a  was doubled t o  
e s t i m a t e  th e  am ount o f  s u s c e p t i b l e  t e r m in a l  o r  c l u s t e r  l e a f  t i s s u e  
when com puting le s io n s  cm- ^.
M o n ito r in g  e n v iro n m e n ta l  v a r i a b l e s .  T e m p e ra tu re  (°F ), r e l a t i v e  
hu m id ity  (%), r a i n f a l l  (hundreths in .) , and hours o f l e a f  w etness w ere 
re c o rd e d  c o n t in u o u s ly  a t  t h e  Woodman Farm u sing  w eather m on ito ring  
in s t r u m e n ta t i o n  d e v e lo p e d  by MacHardy and  S ondej (81). Mean 
te m p e r a tu r e  d u r in g  w e t p e r io d s  w as d e te rm in e d  u s in g  th e  te c h n iq u e  
d e v e lo p e d  by MacHardy (77). Wind sp ee d  and  d i r e c t i o n  w e re  re c o rd e d  
u sin g  a  reco rd in g  anamometer (W eathermeasure Corp., Sacrem ento, CA.) 
Rain in te n s i ty  was a sse sse d  in  accordance w ith  th e  In te rn a t io n a l  Code 
o f W eather Symbols (91).
F o l i a r  and  f r u i t  s c a b  a s s e s s m e n t .  F i f ty  te rm in a ls  and 50 c lu s t e r s  on 
each t r e e  in  each p lo t  w ere a sse ssed  fo r  f o l i a r  scab: 25 (designated  
upper te rm in a ls /u p p e r  c lu s te r s )  w ere >1.8 m above th e  ground, and 25 
(d e s ig n a te d  lo w e r  t e r m i n a l s / l o w e r  c l u s t e r s )  w ere  <1 . 8  m above th e  
ground. The number o f le s io n s  on each in fe c te d  l e a f  was recorded  fo r  
each te rm in a l and c lu s t e r .  C lu s te r  and te rm in a l le s io n  d e n s i t i e s  were 
c a l c u l a t e d  by d iv id in g  th e  t o t a l  num ber o f  l e s i o n s  r e c o rd e d  on each  
t r e e  by th e  l e a f  a r e a  ( fo r  th e  sam p le  s i z e )  p r e s e n t  d u r in g  th e  
i n f e c t i o n  p e r io d  f o r  w h ich  th e  t r e e s  w e re  u n p r o te c te d .  I f  t h e  mean 
number o f le a v e s  p e r te rm in a l d u rin g  an in f e c t io n  p e rio d  was g re a te r  
th a n  seven, a  second le s io n  d e n s ity  was c a lc u la te d  u sing  1 2  cm^, th e  
mean a re a  o f th e  youngest seven le av e s . In  s e e d lin g  s tu d ie s  d e sc rib e d  
in  t h i s  ch ap te r and in  o th e r  s tu d ie s  (104,121), le s io n  developm ent was
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r e s t r i c t e d  t o  th e  youngest seven le a v e s , so  i t  was assumed th a t  t h i s  
would a ls o  be t ru e  in  th e  p re s e n t study . U t i l iz in g  a  c a lc u la t io n  th a t  
co n sid ered  on ly  th e  l e a f  t i s s u e  t h a t  was s u f f i c i e n t ly  s u s c e p tib le  t o  
p ro v id e  a  m e a s u ra b le  l e s i o n  d e n s i t y  w ith  th e  low  l e v e l  o f  in o cu lu m  
p re se n t p rov ided  a  more a c c u ra te  m easure o f th e  r e la t io n s h ip  betw een 
a i r b o r n e  a s c o s p o re s  and  l e s i o n  d e n s i ty .  F r u i t  s c a b  w as a s s e s s e d  by 
exam ining one hundred f r u i t  per t r e e  and reco rd in g  th e  p e rcen tag e  o f 
f r u i t  w ith  scab.
S e e d l in g  S tu d y . In  1984 and  1985, M cIn tosh  a p p le  s e e d l in g s  w e re  
p la c e d  i n  th e  M ast Road r e s e a r c h  o rc h a rd  d u r in g  p r im a ry  i n f e c t i o n  
p e rio d s  to  e s ta b l i s h  a  r e la t io n s h ip  betw een a irb o rn e  asco sp o re  d e n s ity  
and le s io n  d e n s ity . A B urkhard 7-day rec o rd in g  v o lu m e tric  sp o re  t r a p  
was u sed  t o  m o n ito r  a i r b o r n e  a s c o s p o re  d e n s i t i e s .  A pple s e e d l in g s  
w ere  grow n from  se e d  g a th e r e d  from  open p o l l i n a t e d  M cIn to sh  a p p le s  
h a rv e s te d  from a M cln tosh-C ortland  o rchard . The seeds w ere germ ina ted  
in  p e r l i t e  and  l e f t  on a  p ro p a g a t io n  bench  f o r  3 -4  w eeks b e f o r e  
t r a n s p l a n t i n g  t o  1 0 . 2  cm s ta n d a r d  p o ts  f i l l e d  w i th  a  m ix tu r e  o f  
s t e r i l i z e d ,  re c y c le d  s o i l  and v e rm ic u li te ,  4:1. A ll s e e d lin g s  had 8-10 
f u l l y  expanded  le a v e s  when p la c e d  in  t h e  o rc h a rd . T w elve s e e d l in g s  
w ere p laced  in  th e  o rch ard  app ro x im ate ly  1 m from  th e  B urkhard sp o re  
t r a p  from  0700 -  1200 h o u rs ,  1200-1700 h o u rs , o r  1700-0700  h o u rs  
d u r in g  i n f e c t i o n  p e r io d s .  The s e e d l in g s  w ere  th e n  p la c e d  i n  a  m is t  
cham ber a t  15 C f o r  a t  l e a s t  12 h o u rs , c o n d i t io n s  t h a t  a l lo w e d  
asco sp o res  on th e  l e a f  s u r fa c e  t o  in f e c t  th e  l e a f  t i s s u e .
Leaf a re a  o f th e  s e e d lin g s  was c a lc u la te d  using  a  l e a f  a re a  index 
developed a s  fo llo w s . One hundred and tw en ty  le av e s  w ere removed from
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s e e d l in g s  a t  th e  j u n c t io n  o f  th e  p e t i o l e  and  th e  b a se  o f  th e  l e a f .  
The le n g th  (L) and  w id th  (W) o f e ach  l e a f  w as m easu red  w i th  a  m e t r i c  
r u l e ,  an d  th e  l e a f  a r e a  (A) w as m easu red  w i th  a  L ic o r  p o r t a b l e  l e a f  
a r e a  m e te r .  A l e a f  a r e a  in d e x  (I) was c a l c u l a t e d  f o r  e ach  l e a f  u s in g  
th e  e q u a t io n  I  = A/LW. The mean l e a f  a r e a  in d e x  f o r  a l l  l e a v e s  w as 
0.71 (s .d . = 0 .0885). The mean d i f f e r e n c e  b e tw ee n  th e  e s t im a te d  l e a f  
a re a  and th e  m easured l e a f  a re a  fo r  a l l  le a v e s  was 0.69 cm2, w ith  th e  
p e r c e n t  e r r o r  d e c r e a s in g  a s  th e  s i z e  o f  th e  l e a f  in c r e a s e d  (F ig  2 ). 
When s e e d l in g s  w ere  rem oved from  th e  m is t  cham ber, t h e  l e n g th s  and 
w id th s  o f  th e  to p  7 le a v e s  w ere  m easu red  and  th e  a r e a  o f  e ach  l e a f  
c a lc u la te d  u sin g  th e  eq u a tio n  A = 0.71LW. The youngest u n fu r le d  l e a f  
w ith  m e a s u ra b le  le n g th  and w id th  w as m arked  w i th  s t r i n g  f o r  e a sy  
i d e n t i f i c a t i o n ,  and  th e  p l a n t s  w e re  in c u b a te d  f o r  2 0  d a y s  i n  th e  
greenhouse. S zk o ln ik 's  numbering system  (121) was used t o  id e n t i f y  th e  
p o s i t io n  o f each l e a f  when th e  se e d lin g s  w ere indexed f o r  scab  le s io n s  
a t  th e  end  o f  th e  in c u b a t io n  p e r io d  (F ig . 3 ).
1985 H a s t Road f u n g ic id e  t r i a l s .  A s tu d y  t o  ex am ine  th e  e f f e c t  o f  a  
de layed  s t a r t i n g  d a te  o f th e  fung icde  spray  program on th e  in c id en ce  
o f  f o l i a r  and  f r u i t  s c a b  w as c o n d u c te d  a t  t h e  M ast Road r e s e a r c h  
o rch ard  in  1985. S ev e ra l s t r a t e g i e s  fo r  schedu ling  fu n g ic id e  sp ray s  
w ere employed (Table 2) on m ature, f r u i t - b e a r in g  t r e e s :  th re e  M cIntosh 
and t h r e e  C o r t la n d  p e r  s c h e d u le . One s t r a t e g y  (s c h e d u le  A, T a b le  2) 
fo llo w ed  a  s tan d a rd  p ro te c ta n t  program , app ly ing  a  fu n g ic id e  a t  7-10 
day in te r v a l s  th roughou t th e  p rim ary  season, beg inn ing  a t  0.6-1.3 cm 
g re e n . A seco n d  s t r a t e g y  (s c h e d u le s  B and  C, T a b le  2) a p p l i e d  th e  
f i r s t  fu n g ic id e  a f t e r  one, tw o o r th r e e  in f e c t io n  p e rio d s  had o ccu rred
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(Table 2, sch ed u les  B and C, D and E, and F, re s p e c tiv e ly ) . S chedules 
B and D scheduled  d i f f e r e n t  m a te r ia ls  th an  sch ed u les  C and E fo r  th e  
f i r s t  tw o fu n g ic id e  tre a tm e n ts ,  w ith  maneb 4F (8.33 1 ha”^) o r dodine 
(0 .81  kg a i  h a - *) a p p l i e d  f o r  s c h e d u l e s  B a n d  D o r  C a n d  E, 
r e s p e c t i v e l y .  A l l  t r e e s  i n  s p r a y e d  p l o t s  w e re  t r e a t e d  a t  
approx im ate ly  two-week in te r v a l s  a f t e r  th e  co n c lu s io n  of th e  p rim ary  
scab season. Check t r e e s  re ce iv ed  no fu n g ic id e  th roughou t th e  grow ing 
season .
S im ila r  s t r a t e g i e s  w ere employed on young, non-bearing  M cIntosh 
t r e e s  t o  s tudy  only  f o l i a r  scab  b u ild -u p . In  one s t r a te g y , t r e e s  w ere 
l e f t  u n sp ra y e d  f o r  th e  f i r s t ,  f i r s t  tw o , f i r s t  t h r e e ,  o r  f i r s t  f o u r  
i n f e c t i o n  p e r io d s ,  (T ab le  2, s c h e d u le s  G -J , r e s p e c t i v e l y ) .  In  a  
seco n d  s t r a t e g y ,  no f u n g ic id e  w as a p p l ie d  a f t e r  th e  f i r s t ,  sec o n d , 
t h i r d ,  f o u r th  o r  f i f t h  i n f e c t i o n  p e r io d s  (T ab le  2 , s c h e d u le s  K-M, 
r e s p e c t iv e ly ) .
On b ea rin g  and n on -bearing  t r e e s ,  25 te rm in a ls  and 25 c lu s t e r s  on 
each  t r e e  w e re  a s s e s s e d  f o r  f o l i a r  s c a b . F i f t y  f r u i t  w ere  a s s e s s e d  
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F ig u re  2 . Accuracy o f  a  l e a f  a re a  index  in  e s tim a tin g  le a f  a re a  o f  
M cIntosh s e e d lin g s . The m easured l e a f  a re a  was determ ined  u s in g  
th e  e q u a tio n  A = L x W x  I ,  where L = l e a f  le n g th , W = le a f  w id th , 
and I  = l e a f  a re a  index  = 0 .7 1 .
F igu re  3. Leaf p o s i t io n  d e s ig n a tio n s  on M cIntosh s e e d lin g s  a f t e r  
an in cu b a tio n  p e rio d  o f  20 days. The s t r in g  l e a f  (S) was th e  
youngest, u n fu r le d  l e a f  when th e  se e d lin g s  were p laced  in  th e  
o rch a rd . When th e  se e d lin g s  were a sse sse d  f o r  scab , le av e s  (S) -  
(-3) in c lu d ed  any le a v e s  above th e  s t r in g  l e a f  which developed 
le s io n s ,  th e  s t r i n g  l e a f ,  and th e  two le av e s  below th e  s t r i n g  l e a f .  
Leaves (-4) -  (-7) in c lu d ed  th e  t h i r d ,  fo u r th , f i f t h  and s ix th  
le av e s  below th e  s t r i n g  l e a f .
86
Table 2 . Spray sch ed u les  f o r  1985 Mast Road o rch ard  s tu d ie s .
Schedule
S tra te g y  d u rin g  
prim ary  scab  season Spray d a te s
B earing  t r e e s
A P ro te c ta n t  sch ed u le , spray  a t  
7-10 day in t e r v a l s .
23 A p r il ;  1 ,9 ,1 5 ,2 2 ,3 0  
May; 4 ,11 ,29  June; 16 
J u ly ;  2 Aug.
B + C Leave u n p ro tec ted  fo r  f i r s t  
in f e c t io n  p e r io d .
B = maneb, f i r s t  2 sp ra y s ;
C = dod ine , f i r s t  2 sp ra y s .
9 ,1 5 ,2 2 ,3 0  May; 4 ,1 1 ,2 9  
Ju n e; 16 J u ly ;  2 Aug.
D + E Leave u n p ro tec ted  fo r  f i r s t  
two in f e c t io n  p e r io d s .
D = maneb, f i r s t  2 sp ra y s ;
E = dod ine , f i r s t  2 sp ra y s .
21,30 May; 4 ,11 ,29  Ju n e; 
16 J u ly ;  2 Aug.
F Leave u n p ro te c ted  fo r  f i r s t  
th re e  in f e c t io n  p e r io d s .
24,30 May; 4 ,11 ,29  June; 
16 J u ly ;  2 Aug.
P Unsprayed check .
N on-bearing t r e e s
G Leave u n p ro te c ted  fo r  f i r s t  
in f e c t io n  p e r io d .
9 ,1 5 ,2 2 ,3 0  May; 4 ,1 1 ,2 9  
Ju n e; 16 J u ly ; 2 Aug.
H Leave u n p ro te c ted  fo r  f i r s t  
two in f e c t io n  p e r io d s .
21,30 M ay ;4 ,ll,2 9  June; 
16 J u ly ;  2 Aug.
I Leave u n p ro te c ted  fo r  f i r s t  
th re e  in f e c t io n  p e r io d s .
24,30 May; 4 ,1 1 ,2 9  June; 
16 J u ly ;  2 Aug.
J Leave u n p ro te c ted  fo r  f i r s t  
fo u r in f e c t io n  p e r io d s .
30 May; 4 ,1 1 ,2 9  June; 
16 J u ly ;  2 Aug.
K No p ro te c t io n  a f t e r  th e  
f i r s t  in f e c t io n  p e rio d .
23 A p r il ;  1 May
L No p r o te c t io n  a f t e r  th e  
second in f e c t io n  p e r io d .
23 A p r il ;  1 ,9 ,1 5  May
M No p r o te c t io n  a f t e r  th e  
t h i r d  in f e c t io n  p e r io d .
23 A p r il ;  1 ,9 ,1 5 ,2 2  May
N No p r o te c t io n  a f t e r  th e  
fo u r th  in f e c t io n  p e r io d .
23 A p r il ;  1 ,9 ,1 5 ,2 2  May
0 No p r o te c t io n  a f t e r  th e  
f i f t h  in f e c t io n  p e rio d .
23 A p ril;  1 ,9 ,1 5 ,2 2 ,3 0  
May; 4 Ju n e .
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R e su lts
The 1984 and  1985 p r im a ry  a p p le  sc a b  s e a s o n s  w e re  s t u d i e s  in  
m e teo ro lo g ica l c o n tra s t .  The 1984 p rim ary  season was ex trem ely  w et, 
c lim axed by a  6 -day  p rim ary  in fe c t io n  p e rio d  when 17.0 cm o f r a in  f e l l  
(Table 3) fo llo w ed  by a  d ry  summer w ith  11 secondary in f e c t io n  p e rio d s  
from  4 Ju n e  th ro u g h  21 A ugust. In  c o n t r a s t ,  t h e  1985 p r im a ry  sc a b  
s e a s o n  w as v e ry  d ry . From 1 May th ro u g h  6  Ju n e  o n ly  7 .1  cm o f  r a i n  
f e l l ,  and  t h e r e  w as an  1 1 -d ay  d ry  p e r io d  from  7 -1 8  May when t r e e  
phenology advanced from  pink  th rough  p e ta l  f a l l  (Table 3). The summer 
w as w e t t e r  th a n  1984 w i th  22 s e c o n d a ry  i n f e c t i o n  p e r io d s  b e tw ee n  7 
June and 31 August.
T re e  g ro w th  s t a g e s  o c c u r r e d  a p p ro x im a te ly  one week e a r l i e r  in  
1985 th a n  i n  1984, b u t  due t o  d r i e r  w e a th e r  i n  1985, 95% o f  th e  
s e a s o n 's  a s c o s p o re s  w e re  t r a p p e d  a f t e r  p e t a l  f a l l  (F ig . 4 ). In  1984 
a l l  a sco sp o res  w ere tra p p e d  fcy th e  com ple tion  o f p e ta l  f a l l .  In  bo th  
y e a r s ,  c l u s t e r  l e a v e s  w ere  f u l l y  expanded  j u s t  p r i o r  t o  o r  s h o r t l y  
a f t e r  bloom (Fig. 4). T erm inal le a v e s  w ere ab sen t o r expanding slo w ly  
u n t i l  p in k  (F ig . 4 ) , b u t  b e tw e e n  p in k  and  th e  end  o f  th e  p r im a ry  
season  th e  te rm in a l l e a f  a re a  in c re a se d  400 t o  600%.
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T a b le  3 . Summary o f  t r e e  f l o r a l  p h en o lo g y  and  m e te o r o lo g ic a l  
c o n d itio n s  a t  th e  Woodman Farm o rch ard  d u rin g  ra in y  in te r v a l s  in  th e  
p rim ary  ap p le  scab  season , 1984 and 1985.
^G row th s t a g e s :  D = d o rm a n t; GT = g re e n  t i p ;  GR = g re e n ;  TC = t i g h t  
c l u s t e r ;  OC = open c l u s t e r ;  EP = e a r l y  p in k ;  P = p in k ;  B = b loom ; PF 
= p e ta l  f a l l ;  FS = f r u i t  s e t ;  FR = f r u i t .
^N ight r a in s ,  no asco sp o res  re le a s e d .
3Two p e rio d s  o f l e a f  w etness s ep a ra te d  by a  4 .5  h d ry  p e r io d .
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T ree phenology _  M eteo ro log ica l c o n d itio n s
Date
F lo ra l  
growth stage-*-
L eaf a re a  (cm2 ) 





A p ril 1984 
18-20 D 0 . 0 0 . 0 1 . 2 1 45 7 .7
23-25 GT 0 . 0 0 . 0 3.45 49 7 .2
May
3-5 1 .3  cm GR 8.3 0 . 0 4.34 41 4 .5
8-9 TC 1 2 . 6 5 .3 2 . 2 1 19 7 .0
12-13 OC 21.3 9 .3 0 . 6 8 2 1 11.5
13-14 OC 21.3 9 .3 1.14 17 8 . 0
15 OC 2 2 . 1 1 1 . 2 0.07 8 9 .0
16 OC/P 24.3 13.5 0.07 4 7 .0
17 P 24.8 16.3 <0 . 0 1 1 9 .0
232 B 34.2 49.7 0 .96 9 15.5
262 PF 34.2 87.4 0 .96 7 13.0
28-2
June
PF-FS 34 .2 126.4 17.0 140 13.0
A p ril 1985 
22 0 .7  cm GR 1 . 0 0 . 0 0 . 6 8 4 1 0 . 0
28 TC 7 .2 0 . 0 0 . 0 2 5 7 .2
May 
3-4 OC 1 1 . 1 1 . 0 1.57 28.5 3 .9
5-7 EP 1 2 . 6 1 . 2 1.44 39.5 6 . 1
18-19 PF 22 .3 69.0 1 .75 35.0 7 .7
2 1 - 2 2 FS 22 .3 8 6 . 0 1.27 16 .5 13 .9
27-29 FR 0 .7  cm 
June
1 FR 1 .3  cm
22.3
22.3








3 FR 1 .3  cm 22 .3 159.4 <0 . 0 1 0 . 0 14 .4
5-7 FR 1 .3 -1 .9  cm 22.3 170.7 0.61 21 + 143 10.5
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F ig u re  4 . In c re a se s  in  th e  l e a f  a re a  o f M cIntosh c lu s t e r s  and 
te rm in a ls  and t h e i r  r e la t io n s h ip  t o  t r e e  f l o r a l  phenology 
and ascospo re  d isch a rg e  d u rin g  th e  prim ary season , 1984 and 1985. 
A: T ree f l o r a l  phenology; B: In c re a se  in  c lu s te r  l e a f  a re a ;
C: In c re a se  in  te rm in a l le a f  a re a ;  D: P ercen tage  o f s e a s o n 's  
supply  o f a sco sp o res  re le a s e d  d u rin g  each in fe c t io n  p e rio d .
Growth s ta g e s :  D = dorm ant; ST = s i l v e r  t i p ;  GR = g reen  t i p ;
GR = g reen ; TC = t i g h t  c lu s t e r ;  OC = open c lu s t e r ;  P = p in k ;
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Woodman Farm O rchard Study
A m e te o r o lo g ic a l  sum m ary o f  e ach  p r im a ry  i n f e c t i o n  p e r io d  i s  
p r e s e n te d  i n  A ppendix  D. The num ber o f  a s c o s p o re s  t r a p p e d  and  th e  
number o f le s io n s  recorded  f o r  each in fe c t io n  p e rio d  a re  p re sen te d  in  
Appendix E.
Cluster lesion density. The number o f le s io n s  recorded  fo r  250 or 300 
c lu s t e r s  in  each p lo t  was low : 6 , 10, 18, and 5 le s io n s ,  re s p e c tiv e ly  
i n  p l o t s  A, B, C, and  D in  1984 and  8  and  5 l e s i o n s  r e c o rd e d  in  p l o t s  
A and  E i n  1985 (T ab le  4). C lu s t e r  l e s i o n  d e n s i t i e s  f o r  t r e e s  
u n p ro tec ted  fo r  d i f f e r e n t  p rim ary  in fe c t io n  p e rio d s  in  1984 and 1985 
a r e  p r e s e n te d  i n  T a b le  5. L e s io n  d e n s i t y  ra n g e d  fro m  0 t o  1 .4  X 10 “ 2  
le s io n s  cm- 2  o f c lu s t e r  l e a f  t i s s u e .
A lth o u g h  th e  d i f f e r e n c e s  i n  c l u s t e r  l e s i o n  d e n s i t i e s  w ere  n o t 
s t a t i s t i c a l l y  s i g n i f i c a n t ,  th e  g r e a t e s t  d e n s i t i e s  r e s u l t e d  from  
i n f e c t i o n  p e r io d s  t h a t  o c c u r re d  p r i o r  t o  bloom  when th e  c l u s t e r  
le a v e s  w ere expanding. In  1985, no c lu s te r  le s io n s  w ere reco rded  fo r  3 
p l o t s  u n p r o te c te d  a f t e r  p e t a l  f a l l  (B, C and D, T a b le  4 ) . P lo t  E 
(Table 4) had c lu s t e r  l e s io n s ,  b u t t r e e s  in  t h i s  p lo t  w ere u n p ro tec ted  
d u r in g  th e  f i r s t  (5-7 May) and  f i f t h  (5-7  Ju n e) i n f e c t i o n  p e r io d s .  
A lth o u g h  th e  d a te  o f  t h e  c l u s t e r  l e a f  i n f e c t i o n s  i n  p l o t  E c an n o t be 
d e f in i t e ly  a s c e r ta in e d , in  a l l  p r o b a b i l i ty  th o se  in fe c t io n s  occurred  
d u rin g  th e  f i r s t  in f e c t io n  p e rio d  (see d iscu ss io n ).
Terminal lesion density. In  1984, te rm in a l le s io n s  w ere reco rded  on 1 
J u ly  f o r  t r e e s  in  each  p l o t  (A ppendix E, F igi 2 a -d ) . The num ber o f
V£>U>
Table 4. Cluster and terminal foliar scab incidence and severity, and fruit scab (%) on trees unprotected 
by fungicide for one primary infection period in 1984 and 1985.
^Date of infection period when trees were unprotected.
2
GR = green; TC = tight cluster; OC = open cluster; PF = petal fall; FS = fruit set; FR = fruit.
3
Percentage of cluster or terminal leaves with scab.
4
Number of lesions recorded for 50 clusters or terminals per tree, 5 or 6 trees per plot.
Means followed by the same letter do not differ significantly according to Student-Newman-Keuls Test.
*** * 
ns = not significant. Significant at p = 0.01. Significant at p = 0.1.
P lot Date1
Tree f lo r a l Cluster scab 
phenology* Incidence Severity4
A 3-5 Hay 1.3  an GR 1 .3  ns 6
B 8-9 Hay TC 2.7 10
C 12-14 Hay OC 3.6 18
0 28 Hay -  
3 June
PF-FS 2.0 5
A 5-7 Hay 0 .6  an GR 2 .6  b* 8
B 18-19 Hay » 0 .0  a 0
C 21-22 Hay FS 0 .0  a 0
D 27-29 Hay FR 0 .6  an 0.0  a 0
B 5-7 June FR 1 .2 -1 .8  an 1 .3  b 5
Terminal scab
Incidence Severity % Scabbed fr u it  4 Scabbed fr u it
July 1 Sept 1 July 1 Sept 1 July
1984
.  „ ***0.3  a 52 1.0 ns
0.3  a 32 1.3
0 .9  a 99 1.2
2 .5  b 356 1.6
1985
0 .0  a*** 0 .5  ne 0 38 0 .0  ns
0 .0  a 0 .2 0 20 0.0
0 .1  a 0 .1 5 4 0 .0
0.1 a 0 .6 4 27 0.0
0 .5  b 0 .6 29 65 0 .6
1 Sept 1 July 1 Sept
1.0  ns 8 6
0.7 7 1
0 .2 1 1
2 .6 8 13
0.1 ns 0
0.0 0 1
0 .0 0 I
0 .0 0 1
0 .5 4
Table 5. The relationship between area dose and lesion density in trees unprotected with fungicide during 
primary infection periods in 1984 and 1985.
■'"Date of infection period when trees were unprotected.
2
GR = green; TC = tight cluster; OC = open cluster; PF = petal fall; FS = fruit set; FR = fruit.
3
Leaf area present during the infection period.
4 -2 -3Lesions cm x 10 of susceptible leaf tissue.
5*  “2Ascospores cm
Cluster lesion density based on cluster leaf area during first infection period.
Significant at p = 0.01. Significant at p = 0.05. Significant at p = 0.1. ns = not significant.
Tree f lo r a l  Leaf area (cm2)3
P lot Dater phenology2 Cluster Terminal
A 3-5 Hay 1 .3  an GR 8.3 12.6
B 8-9 Hay TC 12.6 5.3
C 12-14 Hey OC 21.3 9.3
D 28 May - PF-FS 34.1 126.4
A
3 June 
5-7 Hay 0 .6  an GR 12.6 1.2
B 18-19 Hay PF 22.3 69.0
C 21-22 Hey FS 22.3 86.0
D 27-29 Hay FR 0.6 an 22.3 120.0
E* 5-7 June FR 1 .2 -1 .8  an 22.3 170.7
Lesion density* Ascospores per le s io n
Cluster Terminal
1984
1 July 1 Sept
1 .2  ns
***
0 .0  a




1 .1  c „ „ ***0.0  a 0.3 ab*
0.0 a 0.0 a 0.1 ab
0 .0  a 0.7 b 0.02 a
0.0 a 0.7 b 0 .2  ab













l e s i o n s  r e c o rd e d  i n  p l o t s  A-D w ere  52, 32 , 99, and  356, r e s p e c t i v e l y  
(T ab le  4 ). In  p l o t  A, l e s i o n s  w e re  re c o rd e d  on t e r m in a l  le a v e s  
a lthough  no te rm in a l  le a v e s  w ere p re se n t du ring  th e  in fe c t io n  p e rio d  
on 3 -5  May when th e s e  t r e e s  w e re  u n p r o te c te d .  T e rm in a l l e s i o n s  in  
p l o t  B w ere  r e c o rd e d  f o r  l e a v e s  4 -1 0 , l e a f  1 b e in g  th e  o l d e s t ,  
a lth o u g h  le av e s  7-10 w ere no t p re s e n t when th e  t r e e s  w ere u n p ro tec ted  
(8-9  May). H a lf th e  l e s i o n s  in  p l o t  C o c c u r re d  on tw o  l e a v e s  in  th e
low er canopy o f one t r e e  (Appendix E, F ig  2c) which was upwind o f th e
in o cu lu m  s o u rc e  d u r in g  th e  8 -9  May i n f e c t i o n  p e r io d .  Some le a v e s  in  
p l o t s  A, C and  D c o n ta in e d  s h e e t  s c a b  (Appendix E, F ig  l a , c ,d )  w hich
i s  u s u a lly  in d ic a t iv e  o f in f e c t io n s  by oon id ia .
T h e re  w ere  97% fe w e r  t e r m in a l  l e s i o n s  re c o rd e d  i n  1985 th a n  in  
1984. On 1 J u ly ,  1985, no te rm in a l le s io n s  were reco rded  fo r  p lo t  A 
o r  B, and  5, 4, and  29 t e r m in a l  l e s i o n s  w ere  re c o rd e d  f o r  p l o t s  C, D 
an d  E, r e s p e c t i v e l y  (T ab le  4 ). No le a v e s  had  s h e e t  s c a b , and a l l  
re c o rd e d  l e s i o n s  w e re  on le a v e s  t h a t  w ere  p r e s e n t  d u r in g  i n f e c t i o n  
p e rio d s  when t h e i r  re s p e c tiv e  t r e e s  were u n p ro tec ted  w ith  fu n g ic id e .
T e rm in a l l e s i o n  d e n s i t i e s  f o r  each  p l o t  in  1984 and 1985 a r e  
p re se n te d  in  T ab le  5. D e n s itie s  w ere much h ig h e r in  1984, r e f le c t in g  
more le s io n s  reco rded  and l e s s  l e a f  a re a  p re se n t du rin g  1984 p rim ary  
i n f e c t i o n  p e r io d s .  When th e  t e r m in a l  l e a f  a r e a  w as a d ju s t e d  t o  
in c lu d e  on ly  th e  youngest seven le a v e s , th e  le s io n  d e n s ity  was s t i l l  
2-15 tim e s  g re a te r  in  1984 th an  th e  h ig h e s t  d e n s ity  (p lo t E) recorded  
in  1985. In  bo th  y e a r s , te rm in a l le s io n  d e n s ity  based on th e  a re a  o f 
s u s c e p t i b l e  t i s s u e  d u r in g  an  i n f e c t i o n  p e r io d  w as s t a t i s t i c a l l y  
s ig n i f ic a n t ly  low er fo r  in f e c t io n  p e rio d s  o ccu rrin g  a t  th e  beginning  
o f th e  p rim ary  season  th an  th o se  a t  th e  end of th e  p rim ary  season.
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Secondary Scab Build-up, 1985. S cab  w as r e a s s e s s e d  on 1 S e p t t o  
de te rm in e  i f  th e  p e rcen tag e  o f te rm in a l le av e s  w ith  scab  le s io n s  and 
t h e  d e n s i t y  o f  t e r m i n a l  l e s i o n s  had  changed  s in c e  1 J u ly .  When 
c a lc u la t in g  te rm in a l le s io n  d e n s ity , a  v a lu e  o f 424 cm^, which Gadoury 
(38) had determ ined  was th e  mean a re a  o f  M cIntosh te rm in a l le a v e s  a t  
h a r v e s t ,  w as u sed . T h is  v a lu e  w as a p p ro x im a te ly  3.5 t im e s  th e  l e a f  
a r e a  a t  th e  end  o f  th e  p r im a ry  s e a s o n . T hus, a  l e s i o n  d e n s i t y  o f  0.22 
x 10“3 le s io n s  crtT^ on 1 Sept re p re se n te d  3.5 tim e s  a s  many le s io n s  a s  
an  e q u iv a l e n t  d e n s i t y  on 1 J u ly .  On 1 S e p t ,  th e  g r e a t e s t  l e s i o n  
d e n s ity  (0.8 x 10”^) o ccu rred  in  p lo t  E and th e  s m a l le s t  (0.02 x 10“ ^) 
i n  p l o t  C (T ab le  5 ). An in c r e a s e  i n  t e r m in a l  l e s i o n  d e n s i t y  w as 
re c o rd e d  o n ly  in  p l o t s  A and B, b u t  n e i t h e r  p l o t  had  t e r m in a l  l e a f  
s c a b  on 1 J u ly .  The p e r c e n ta g e  o f s c a b b e d  l e a v e s  in c r e a s e d  i n  a l l  
p l o t s  e x c e p t  p l o t  C (T ab le  4 ) , b u t  t h e  p e rc e n ta g e  o f  t e r m i n a l s  w i th  
one o r  m ore l e s i o n s  w as n o t  c o r r e l a t e d  w ith  t h e  t o t a l  num ber o f  
l e s io n s  p e r p lo t  CTable 4). In  p lo t  E, th e  number of le s io n s  in c re ase d  
n e a r ly  3 - f o l d ,  b u t  th e  p e rc e n ta g e  o f  s ca b b e d  le a v e s  in c r e a s e d  o n ly  
s l i g h t l y ,  from  0.5% on 1 J u ly  t o  0.6% on 1 S e p t. P lo t  D had  th e  sam e 
p e rcen tag e  o f scattoed le a v e s  a s  p lo t  E, b u t 1 /3  th e  number o f le s io n s .
Fruit scab assessment. Scab w as o b se rv e d  on f r u i t  i n  e ac h  p l o t  in  
1984, w i th  8 , 7 , 1 an d  8  s c a b b e d  f r u i t  p e r  600 , 600 , 540, and  500 
f r u i t  exam ined on 15 June in  p lo t s  A-D, re s p e c tiv e ly  (Table 4). When 
f r u i t  w as re e x a m in e d  on  2 Aug., th e  num ber o f  s ca b b e d  f r u i t  i n  p l o t s  
A-D w as 6 , 1 , 1 , and  13 , r e s p e c t i v e l y .  Few er scab b ed  f r u i t  w ere  
o b s e rv e d  i n  1985, w i th  4 sca b b e d  f r u i t  (600 exam ined ) r e c o rd e d  f o r
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p lo t  E and none in  p lo t s  A-D on 1 Ju ly . H ie re  was s t i l l  no f r u i t  scab  
o b s e rv e d  on t r e e s  i n  p l o t s  B, C, an d  D on 1 S e p t . ,  b u t  7 sc a b b e d  f r u i t  
(1.2%) w e re  re c o rd e d  i n  p l o t  A and  3 sc a b b e d  f r u i t  (0.5%) in  p l o t  E 
(T ab le  4 ).
A irb o rn e  a s c o s p o re s .  The number and d e n s ity  o f a sco sp o res  tra p p e d  a t  
th e  inoculum  so u rce  and th e  average number and d e n s ity  trap p ed  in  t r e e  
canop ies approx im ate ly  2-6 m from th e  source  a re  p re se n te d  in  T ab le  6 . 
The num ber o f  a s c o s p o r e s  t r a p p e d  by e ac h  t r a p  d u r in g  e a c h  i n f e c t i o n  
p e rio d  i s  p re sen te d  in  Appendix E, F ig u re  2.
The t o t a l  num ber o f  a s c o s p o re s  t r a p p e d  a t  th e  s o u r c e  f o r  e a c h  
in fe c t io n  p e rio d  ranged from  130 t o  154 a sco sp o res  in  1984 (Table 6 ). 
A irborne a s  oospore d e n s i ty  a t  th e  so u rce , which r e f l e c t s  th e  tim e  over 
w hich  s p o re s  w ere  t r a p p e d  a s  w e l l  a s  t h e  num ber o f  s p o r e s  t r a p p e d ,  
ra n g e d  fro m  4.4 t o  16.3 a s c o s p o re s  m- ^ a i r .  In  1985, t h e r e  w as much 
g re a te r  v a r ia t io n  in  th e  number o f asco sp o res  trap p ed  and th e  a irb o rn e  
a s c o s p o re  d e n s i ty  a t  t h e  s o u rc e  d u r in g  e ac h  i n f e c t i o n  p e r io d .  The 
number of asco sp o res  tra p p e d  a t  th e  source  ranged from  1 t o  157, and 
th e  a irb o rn e  asco sp o re  d e n s i ty  ranged from  0.2 t o  11.5 a sco sp o res  m 
a i r .
The average number and d e n s ity  o f asco sp o res  tra p p e d  2-6 m from 
th e  in o cu lu m  s o u rc e  w a s , w i th  one  e x c e p t io n  on  5 -7  May, 1985, much 
l e s s  th a n  th o s e  t r a p p e d  w i t h i n  t h e  s o u rc e . The g r e a t e s t  a v e ra g e  
a irb o rn e  ascospore  d e n s ity  in  th e  canopy in  1984 and 1985 was 0.08 and 
0 .09 a s c o s p o re s  m“ 3 a i r ,  r e s p e c t i v e l y .  The mean r a t i o  o f  a i r b o r n e  
a s c o s p o re  d e n s i ty  r e c o rd e d  a t  t h e  s o u rc e  t o  t h a t  r e c o rd e d  i n  th e  
canopy was 223:1 and 107:1 in  1984 and 1985, r e s p e c tiv e ly . Excluding
Table 6. Airborne ascospore density and ascospore area dose at a point source of ascospores and 
within the canopies of 4 trees not more than 6 m from the point source.
^Date of infection period when spores were trapped.
2
Total ascospores collected by a "Zuck" volumetric spore trap 0.5m above a point source of inoculum 
containing approximately 1700 heavily scabbed leaves (Source) and the average number of ascospores
trapped by 24 "Zuck" traps placed within tree canopies (Canopy).
3 -3Ascospores m air trapped during each infection period.
4 2 3 1Ascospores an , calculated using the equation Area dose = Spores m x wind speed (ms ) x
sampling period (s).
Sampling Mean wind Ascospores trapped2
P lot Eate1 period (h) speed (m sec-1) Source Canopy
1984
A 3-5 May 10 5.7 154 8.0
B 8-9 May 7 3 .8 130 5.1
C 12-14 May 17 2.0 138 8.1





A 5-7 May 12 5.0 5 5 .8
B 18-19 May 10 2.0 77 8.3
C 21-22 May 4 0.5 1 0.1
D 27-29 May 12 1.0 157 13.7
E 5-7 June 14 1.4 32 3.4
Airborne
as oospore density3 Ascospore area dose
Source Canopy Source Canopy
13.5 0.08 277.0 1.54
16.3 0.05 379.1 0.51
7.1 0.04 86.9 0.47
4.4 0.02 96.5 0.42
0.4 0.04 8.6 0.82
6.8 0.07 48.6 0.49
0 .2 0.001 0.1 0.001
11.5 0.09 49.7 0.13
2.0 0.02 14.1 0.02
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t h e  i n f e c t i o n  p e r io d  on 21-22  May, 1985, th e  d e n s i t i e s  o f  a i r b o r n e  
asco sp o res  reco rded  in  th e  canopy w ere s im i la r  bo th  y e a rs , ranging  
from  0.02 t o  0.09 a sco sp o res  m- ^ a i r .
Relating airborne ascospore density to lesion density, w i th in  
i n d i v i d u a l  p l o t s  t h e r e  w as no c o n s i s t e n t  r e l a t i o n s h i p  b e tw ee n  th e  
num ber o f  a s c o s p o re s  t r a p p e d  in  a  t r e e  and  th e  l e s i o n s  r e c o rd e d  in  
t h a t  t r e e  (Appendix E). For exam ple, on 8-9 May, 1985, th e  number o f 
a s c o s p o r e s  t r a p p e d  i n  e ac h  o f tw o  t r e e s  w as 34 and  36 (A ppendix E, 
F ig . 2b ), w h i le  th e  num ber o f  c l u s t e r  l e s i o n s  r e c o rd e d  f o r  e ach  t r e e  
was one and fo u r , r e s p e c tiv e ly . On 27-29 May, 1985, (Appendix E, F ig. 
2h) tw o t r e e s  in  w hich 9 and 115 asco sp o res  w ere tra p p e d  each had one 
te rm in a l le s io n .
In  1984 th e  r a t i o  o f  a i r b o r n e  a s c o s p o re s  t o  c l u s t e r  l e s i o n s  
d e c r e a s e d  w i th  each  s u c c e s s iv e  i n f e c t i o n  p e r io d  u n t i l  t h e  f i n a l  
i n f e c t i o n  p e r io d  on 27 May -  2 Ju n e  when th e  l a r g e s t  r a t i o  w as 
re c o rd e d  (T ab le  5). In  1985, c l u s t e r  l e s i o n s  w ere  o n ly  re c o rd e d  in  
tw o  p l o t s  (A and  E) u n p r o te c te d  f o r  th e  i n f e c t i o n  p e r io d  p r i o r  t o  
bloom on 5-7 May. The r a t i o  o f 745 a sco sp o res  fo r  each c lu s t e r  le s io n  
in  p lo t  A was w ith in  th e  range o f 336 t o  1,283 asco sp o res  p e r  c lu s te r  
le s io n  reco rd ed  f o r  th e  f i r s t  3 in f e c t io n  p e r io d s  in  1984. Ih e re  w ere 
no t r a p s  i n  p l o t  E d u r in g  t h a t  p e r io d ,  so  a  r a t i o  c o u ld  n o t  be 
c a lc u la te d .
The r a t i o  o f a irb o rn e  asco sp o res  t o  te rm in a l le s io n s  in  1984 a ls o  
d ecreased  w ith  each su c c e ss iv e  in f e c t io n  p e rio d , b u t th e  r a t i o s  were 
much lo w e r  th a n  th e  r a t i o s  on c l u s t e r  le a v e s  t h a t  y e a r .  I t  w as 
d i f f i c u l t  t o  d e te c t  any t re n d s  in  th e  a s c o s p o re /le s io n  r a t i o  in  1985
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because no te rm in a l le s io n s  w ere reco rd ed  fo r  th e  f i r s t  tw o in fe c t io n  
p e r io d s  (p lo ts  A and B), and in  p lo t  C, which was u n p ro tec ted  fo r  th e  
t h i r d  in f e c t io n  p e rio d , on ly  2 asco sp o res  w ere trap p ed  by th e  24 sp o re  
t r a p s  lo c a t e d  i n  t h e  t r e e  c a n o p ie s  w h ich  r e s u l t e d  in  a  low  r a t i o  o f  
1.4 asco sp o res  per te rm in a l le s io n .
M ast Road s tu d y ,  1985. B ecau se  o f  an  11-day d ry  i n t e r v a l  from  7 -1 8  
May, d u rin g  which th e  t r e e s  con tinued  t o  develop , t r e e s  n o t scheduled  
t o  be sp ra y e d  u n t i l  a f t e r  th e  seco n d  o r  t h i r d  p r im a ry  i n f e c t i o n  
p e r io d  w ere  u n p r o te c te d  w ith  f u n g ic id e  u n t i l  a f t e r  bloom . T re e s  
s p ra y e d  a t  th e  p in k  bud p h a se  w ere  u n p r o te c te d  f o r  one i n f e c t i o n  
p e r io d  (5 -7  May), and  th o s e  on a  p r o t e c t a n t  s c h e d u le  w ere  p r o t e c t e d  
fo r  a l l  in f e c t io n  p e r io d s  a f t e r  bud break .
C lu s te r  le s io n s  w ere reco rded  fo r  a l l  M cIntosh and C o rtlan d  sp ray  
s c h e d u le s  (T ab le  7 ) . The lo w e s t  s c a b  l e s i o n  in c id e n c e  and  d e n s i ty  
w ere reco rd ed  fo r  t r e e s  sprayed  acco rd in g  t o  th e  p ro te c ta n t  schedu le  
( s c h e d u le  A). T h e re  w e re  no s i g n i f i c a n t  d i f f e r e n c e s  (p = 0.1) in  
c lu s t e r  l e a f  scab  on t r e e s  which had been u n p ro tec ted  fo r  a t  l e a s t  th e  
f i r s t  i n f e c t i o n  p e r io d ,  even  th o u g h  t r e e s  u n p r o te c te d  f o r  tw o 
(schedu les D and E), th r e e  (schedule F), o r f iv e  (unsprayed) in f e c t io n  
p e r io d s  had  b een  e x p o se d  t o  37%, 54%, and 202% m ore a s c o s p o re s ,  
r e s p e c tiv e ly . The c lu s t e r  le a v e s  h ad  s to p p e d  ex p an d in g  b e tw ee n  th e  
in f e c t io n  p e rio d s  on 5-7 May and 18-19 May.
On 27 June, th e  in c id en ce  and d e n s ity  o f scab  le s io n s  on M cIntosh 
te rm in a l le a v e s  w ere s ig n i f ic a n t ly  h ig h e r on unsprayed t r e e s  th an  on 
t r e e s  which had re c e iv e d  a t  l e a s t  one fu n g ic id e  sp ray  (Table 8 ). The 
in c id en ce  o f te rm in a l scab  was g re a te r  on t r e e s  which w ere u n p ro tec ted
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f o r  tw o  i n f e c t i o n  p e r i o d s  ( s c h e d u l e s  D a n d  E) t h a n  on  t r e e s  
u n p r o te c te d  f o r  one i n f e c t i o n  p e r io d  (s c h e d u le s  B and  C), b u t  l e s s  
t e r m in a l  s c a b  w as re c o rd e d  on t e r m i n a l s  u n p r o te c te d  f o r  t h r e e  
i n f e c t i o n  p e r io d s  (F) v e r s u s  tw o . By 27 Aug, s c a b  in c id e n c e  and 
s e v e r i t y  in c r e a s e d  on t r e e s  in  e v e ry  s c h e d u le ,  w i th  a  s i g n i f i c a n t l y  
h ig h e r  in c id e n c e  and  d e n s i t y  on t r e e s  w h ich  w ere  n o t  s p ra y e d  w i th  
fu n g ic id e  u n t i l  a f t e r  bloom (Schedules D, E, and F).
The p e rcen tag e  of scabbed f r u i t  on 1 J u ly  ranged from  0 t o  7% on 
M cIn to sh  and  0 t o  5% on C o r t la n d  t r e e s  (T ab le  7 ). T h e re  w ere  no 
s i g n i f i c a n t  d i f f e r e n c e s  in  t h e  p e rc e n ta g e  o f scabbed f r u i t  betw een 
t r e e s  w h ich  had  been  u n p r o te c te d  f o r  o n e , tw o , t h r e e ,  o r  f i v e  
in f e c t io n  p e rio d s  on e i th e r  c u l t iv a r .  No f r u i t  scab was observed  on 
t r e e s  in  th e  p ro te c ta n t  schedu le .
On 24 Aug, th e  p e r c e n ta g e  o f sca b b e d  f r u i t  on M cIn to sh  had 
in c re a se d  in  some t r e e s  (schedules A, D, E, P) and d ecreased  in  o th e rs  
( s c h e d u le  B, C, F ). Scabbed f r u i t  on u n sp ra y e d  M cIn to sh  t r e e s  
in c r e a s e d  fro m  1.6 t o  41% b e tw ee n  1 J u ly  and  24 Aug. On t r e a t e d  
t r e e s ,  th e  g r e a t e s t  in c r e a s e  in  th e  p e rc e n ta g e  o f  s ca b b e d  f r u i t  
b e tw e e n  1 J u ly  and  24 Aug o c c u r r e d  i n  t r e e s  t h a t  w ere  n o t  s p ra y e d  
u n t i l  f r u i t  s e t  on 21 May (D and E, T a b le  8 ) . The p e r c e n ta g e  o f  
s ca b b e d  f r u i t  on C o r t la n d  in c r e a s e d  i n  m o st t r e e s  f i r s t  s p ra y e d  a t  
p in k  ( s c h e d u le s  C, D, E, F) o r  l e f t  u n sp ra y e d  (s c h e d u le  P) b u t  d id  
n o t ch an g e  i n  t r e e s  f i r s t  s p ra y e d  a t  1 .3  cm g re e n  (s c h e d u le  A) and  
som e t r e e s  f i r s t  s p ra y e d  a t  p in k  (s c h e d u le  B). On t r e a t e d  t r e e s ,  
th e  sca b b e d  f r u i t  ra n g e d  fro m  0 t o  4.3%, w i th  t r e e s  u n p r o te c te d  f o r  
th re e  in f e c t io n  p e rio d s  (schedule F) hav ing  s ig n i f i c a n t ly  more f r u i t  
s c a b  th a n  t r e e s  u n p r o te c te d  f o r  none o r one i n f e c t i o n  p e r io d
Table 7. The e f f e c t  o f  spray program s ta r tin g  date on c lu s te r  and f r u it  scab le s io n  development on
McIntosh and Cortland tr e e s  a t  th e Mast Road research orchard, 1985.
■'"Frcm Table 2.
^Number of unprotected infection periods prior to the first fungicide application.
3
Noted for the last infection period prior to the first spray. ST = silver tip; GR = green; FS = fruit 
set.
4 -3Cumnulative ascospores m air trapped prior to the first spray.
^Percentage of clusters with scab.
^Number of lesions per 75 clusters (50 clusters for unsprayed trees).
7 -2 -3Lesions cm leaf area x 10
Means followed by the same letter do not differ significantly according to Student-Newman-Keuls Test.
** *
Significant at p = 0.05. Significant at p = 0.1.
Unprotected Tree phenology3
Date of in fection  Cluster lea f
1st spray Schedule1 periods (#) F loral area (an2)
23 April A 0
9 May B 1
9 May C 1
21 May D 2
21 May E 2
24 May F 3
Unsprayed P 5
23 April A 0
9 May B 1
9 May C 1
21 May D 2
21 May E 2




1 .2  an GR 9.6 414




— 17.3 1 ,253
Cortland
ST 0.0 20
1 .2  an GR 9.6 414





_______Cluster scab_______  % Scabbed fr u it
Incidence5 Severity6 Density' 1 July 24 Aug.
_ _ **2.0  a 2 0.29 a* 0.0 a** 1.0 a
40.0 b 59 13.75 b 1.3 ab 0.3 a
38.6 b 56 13.05 b 3 .3  b 2.3 ab
32.0 b 46 8.96 b 5.0 b 7.6 b
41.3 b 70 13.64 b 1.3 ab 5.3 ab
45.0 b 42 8.49 b 7 .0  b 6.0 ab
60.0 b 68 19.70 b 1 .6  b 41.0 c
2 .0  a* 2 0.29 a** 0.0 a* 0 .0  a*
33.3 b 62 10.95 b 1.3 b 1.3 ab
22.6 b 21 5.82 b 0.0 a 0.3 a
30.1 b 34 7.21 b 1.0 b 2.3 ab
24.0 b 30 5.84 b 1 .3  b 3.0 ab
32.0 b 22 6.37 b 2.7 b 4.3 b
16.0 ab 20 5.78 b 5 .0  b 13.0 b
o
Table 8. The e f f e c t  o f  fungicide spray program s ta r tin g  date on term inal scab le s io n  development on
McIntosh and Cortland tr e e s  a t  th e Mast Road research orchard, 1985.
■^ From Table 2.
^Number of unprotected infection periods prior to the first fungicide application.
3
Noted for the last infection period prior to the first spray. ST = silver tip; GR = green; FS = 
fruit set.
4 -3Cummulative ascospores m air trapped prior to the first spray.
5
Percentage of terminals with scab.
Slumber of lesions per 75 terminals (50 terminals for unsprayed trees).
7 -2 -3Lesions an leaf area x 10
Means followed by the same letter do not differ significantly according to Student-Newman-Keuls Test.
*** ** * . . .
Significant at p = 0.01. Significant at p = 0.05. Significant at p = 0.1. ns = not significant.
Date of
Unprotected 
in fectio n  „
Tree phenology^ 
Terminal le a f
1 st spray Schedule1 periods (#)2 Floral area (an2) Q,,4
23 April A 0 ST
McIntosh 
0 .0  20
9 Hay B 1 1.2  an GR 2.1 414
9 May C 1 1.2 an GR 2.1 414
21 May D 2 FS 47.0 566
21 May E 2 FS 47.0 566
24 May F 3 FS 56.2 637
Unsprayed P 5 — — 1,253
23 April A 0 ST 0.0
Cortland
20
9 May B 1 1.2  an GR 2.1 414
9 May C 1 1.2 cm GR 2.1 414
21 May D 2 FS 47.0 566
21 May E 2 FS 47.0 566
24 May F 3 FS 56.2 637
Unsprayed P 5 — — 1,253
___________Terminal scab_____________________
27 June,  24 August
Incidence-' Severity6 Density7 Incidence Severity Density
. ,  ***
0.6 a 6 0.26 a**
0.5 a 8 0.23 a
1.2 a 17 0.48 a
2.9 a 59 1.69 ab
2.6 a 100 2.52 ab
1.4 a 18 0.51 a
16.5 b 453 20.25 b
. . ***0.4 a 6 0.58 ns
1.1 a 34 0.78
0.4 a 4 0.56
2.2 a 73 3.52
0.5 a 10 3.97
1.5 a 17 2.0
5.2 b 91 3.83
. ~ ***1 .2  a 29 0.17 a**
1 .3  a 19 0.15 a
1.4 a 28 0.53 b
5.3 ab 137 1.08 c
7.3 b 238 1.79 c
2 .4  a 94 0.74 be
17.1 c 1,375 17.33 d
0.8
***
a 38 0.15 ab
1.5 ab 28 0.20 ab
0.7 a 12 0.09 a
2.7 ab 117 0.91 ab
3.4 ab 143 1.02 b
1.9 ab 53 0.51 ab
4.9 b 138 0.98 ab
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(schedules A and C). T here w ere no o th e r  s ig n i f ic a n t  d if f e r e n c e s  in  
p e rcen tag e  o f f r u i t  scab  on t r e a te d  C o rtlan d  t r e e s .  T h ir te e n  p e rc e n t 
of th e  unsprayed C o rtlan d  ap p les  had a t  l e a s t  one scab  le s io n  compared 
t o  41% on unsprayed M cIntosh t r e e s .
F o l i a r  s c a b  on  im m a tu re  t r e e s ,  1985. The h ig h e s t  in c id en ce  (18-32%) 
o f  c l u s t e r  sca b  o c c u r r e d  in  t r e e s  t h a t  w e re  l e f t  u n sp ra y e d  u n t i l  
a f t e r  t h e  f i r s t  i n f e c t i o n  p e r io d  (s c h e d u le s  G -J , T a b le  9). The 
amount o f c lu s te r  scab  in  th e se  t r e e s  was s im i la r ,  even though t r e e s  
l e f t  u n sp ra y e d  f o r  e ac h  s u c c e s iv e  i n f e c t i o n  p e r io d  w ere  ex p o sed  t o  
m ore a s c o s p o re s .  A low  in c id e n c e  (<6 . 6 % ) o r  no c l u s t e r  s c a b  w as 
reco rded  on t r e e s  t h a t  w ere p ro te c te d  fo r  a t  l e a s t  th e  f i r s t  in f e c t io n  
p e rio d  (schedules H-L). The h ig h e s t  in c id en ce  o f scab  on te rm in a l 
l e a v e s  o c c u r re d  on t r e e s  u n p r o te c te d  u n t i l  f r u i t  s e t  on 21 May 
(schedu les H ,I,J) o r a f t e r  bloom on 15 May (schedules K,L). W ith th e  
e x c e p t io n  o f s c h e d u le  0 , t h e  in c id e n c e  o f  t e r m in a l  s c a b  d id  n o t 
in c re a se  from 9 J u ly  th rough  30 August in  any schedule.
S e e d l in g  s tu d y . The s e e d l in g  s tu d y  w as c o n d u c te d  a t  t h e  M ast Road 
o rc h a rd  i n  1984 and  1985. B ecause  o f  t h e  h ig h  in o cu lu m  d e n s i ty  in  
1984, benom yl a t  3 .3 6 k g /h a  w as a p p l ie d  t o  re d u c e  th e  o v e r w in te r in g  
in o cu lu m . The e f f e c t i v e n e s s  o f  th e  p o s t - h a r v e s t  t r e a tm e n t  w as 
r e f le c te d  in  few er a sco sp o res  trap p ed  in  1985. The t o t a l  a scospores 
r e c o rd e d  by th e  B u rk h a rd  s p o re  t r a p  w as 71 ,124 .2  s p o re s  m“ 3  a i r  in  
1984 and 1,323.1 sp o re s  m“ 3  a i r  in  1985, a  98% re d u c tio n  in  a irb o rn e  
inoculum  in  1985. T here was a ls o  a  co rrespond ing  re d u c tio n  in  le s io n  
d e n s i t i e s  on M cIntosh s e e d lin g s  in  1985. F ive  le s io n s  w ere reco rded
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T a b le  9. S cab  In c id e n c e  on c l u s t e r  and  t e r m i n a l  l e a v e s  o f  im m a tu re  
M cIn to sh  a p p le  t r e e s  u n p r o te c te d  w i th  f u n g ic id e  f o r  d i f f e r e n t  
in fe c t io n  p e rio d s  a t  th e  Mast Road re se a rc h  o rc h a rd , 1985.
% F o lia r  scab^
Spray program O u s t e r s  T erm inals
Schedule F i r s t  sp ray  L a s t sp ray  Qo^ 9 J u ly  9 J u ly  30 Aug.
G 9 May 2 Aug. 414 31.6 2 0 . 0 8 . 0
H 22 May 2 Aug. 566 2 0 . 0 25.0 17.0
I 24 May 2 Aug. 637 18 .0 32.0 13 .0
J 30 May 2 Aug. 1,061 23.3 41.6 30.0
K 23 A p ril 1 May 1,233 6 . 6 28.3 1 2 . 0
L 23 A p ril 15 May 839 5 .0 23.3 1 2 . 0
M 23 A p ril 22 May 687 0 . 0 15.0 8 . 0
N 23 A p ril 22 May 687 0 . 0 1 0 . 0 1 0 . 0
0 23 A p ril 4 June 172 0 . 0 1 . 6 6 . 0
% Of c lu s t e r s  o r te rm in a ls  w ith scab .
^ T o ta l  a s c o s p o re s  m- ^ a i r  re c o rd e d  by B u rk h a rd  t r a p  p r i o r  t o  f i r s t  
sp ray  (G-J) o r a f t e r  l a s t  sp ray  (K-O).
Ill
on s e e d lin g s  in  1985 compared t o  1,914 le s io n s  in  1984.
L esion  d e n s ity  a s  a  fu n c tio n  o f ascospo re  d e n s ity  fo r  bo th  y e a rs  
i s  p r e s e n te d  i n  T a b le  10 and  F ig u r e  5. The l e s i o n  d e n s i t i e s  f o r  
l e a v e s  S th ro u g h  -3  in c lu d e  l e s i o n s  on tw o  le a v e s  to o  s m a l l  f o r  
m e asu rem en t d u r in g  th e  i n f e c t i o n  p e r io d .  A r e g r e s s io n  o f  l e s i o n  
d e n s i t y  v e r s u s  a s c o s p o re  d e n s i t y  f o r  1984 and 1985 y i e ld e d  th e  
e q u a t io n  Y = 1 .79 + 0.0073X (R^ = . 8 6 ) ,  w h ere  Y i s  th e  num ber o f  
le s io n s  p e r  cm^ le a f  t i s s u e  and X i s  th e  number o f asco sp o res  p e r m  ^
a i r  trap p ed  fcy th e  Burkhard tr a p .
D iscu ssio n
Hie ex p erim en ta l approach u t i l i z e d  in  t h i s  s tudy  d i f f e r e d  from  
m ost p rev io u s  s tu d ie s  on ap p le  scab  in  t h a t  i t  a ttem p ted  t o  d e te rm in e  
th e  q u a n ti ty  o f f o l i a r  scab  in fe c t io n s  t h a t  o ccu rred  d u rin g  in d iv id u a l 
p rim ary  in fe c t io n  p e rio d s . H ie main s t r a te g y  was t o  le a v e  d i f f e r e n t  
t r e e s  u n p r o te c te d  f o r  d i f f e r e n t  p r im a ry  i n f e c t i o n  p e r io d s .  In  a  
s u rv e y  o f  th e  l i t e r a t u r e  p e r t a i n i n g  t o  a p p le  s c a b , t h e  s tu d y  m o st 
c lo s e ly  resem b lin g  th e  p re se n t s tudy  was conducted by Frey and K e i t t  
(33). They p la c e d  p a p e r  b a g s  o v e r  b ra n c h e s  i n  o r d e r  t o  ex p o se  
d i f f e r e n t  l e a f  t i s s u e  t o  d i f f e r e n t  in f e c t io n  p e rio d s . Hiey w ere a b le  
t o  i d e n t i f y  an  i n t e r v a l  from  May t o  Ju n e  d u r in g  w h ich  i n f e c t i o n s  
o c c u r re d ,  b u t p r e s e n te d  no q u a n t i t a t i v e  d a ta  f o r  d i s e a s e  t h a t  
o ccu rred  du rin g  in d iv id u a l p rim ary  in f e c t io n  p e rio d s . H ie r e s u l t s  o f  






Y = 1.79 + 0.0073X 
R2 = .86






0  - . . .
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Airborne ascospore density (Log ascospores m ^ air)
Figure 5. The relationship between airborne ascospore density 
and lesion density on McIntosh seedlings. Airborne ascospore 
densities were determined using a Burkhard recording volumetric 
spore trap. Dashed line represents airborne ascospore density
-3
of 5000 ascospores m , below which there was no relationship 
between airborne ascospore density and lesion density.
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T able  10. The r e la t io n s h ip  betw een th e  d e n s ity  o f a irb o rn e  ascospores 
o f  V e n tu r ia  i n a e q u a l i s  and  th e  d e n s i ty  o f  f o l i a r  s c a b  l e s i o n s  on 
M cIn to sh  s e e d l in g s  p la c e d  in  t h e  M ast Road r e s e a r c h  o rc h a rd . 
A irborne asco sp o res  w ere m easured w ith  a  Burkhard v o lu m e tric  spore  
t r a p .
^Date of in fe c t io n  p e rio d  when s e e d lin g s  were in  th e  o rch ard .
^Ascospores m~^ a i r  trap p ed  w h ile  se e d lin g s  were in  th e  o rch a rd .
^Lesions a n l e a f  a re a  x 10“ ^ .
^L eaf p o s i t i o n  a c c o rd in g  t o  S z k o ln ik  (121) and  F ig . 4 . S was th e  
s t r in g  l e a f  w hich was th e  youngest, u n fu r le d  l e a f  when th e  s e e d lin g s  
w ere  p la c e d  in  th e  o rc h a rd .  L eav es  (S) -  (-3 ) in c lu d e d  any le a v e s  
above th e  s t r i n g  l e a f  which developed le s io n s ,  th e  s t r in g  l e a f ,  and 
th e  tw o  le a v e s  below  th e  s t r i n g  l e a f .  L eav es  (-4) -  (-7) in c lu d e d  




4 May '84 19,159.7
8 May ’84 16,998.3
12 May '84 6,817.5
14 May '84 6,383.2
4-5 May ’84 2,020.0
28 May ’84 1,171.6
12 May '84 919.1
3-4 May '84 484.8
14-15 May '84 464.6
29 May '84 343.3
28 May '85 232.3
13-14 May '84 161.6
28 May '84 161.6
23-24 May '84 111.1
26-27 May '34 90.9
3 May '85 80.8
8-9 May '84 50.5
28-29 May '85 50.5
21-22 May '85 40.4
28-29 May '84 30.3
29-30 May '84 20.2
31 May '84 20.2
12-13 May '84 10.1
30 May '84 10.1
20-21 May '84 0 .0
30-31 May '84 0 .0
31 May '84 0 .0
27 May '85 0.0
30 May '84 0 .0
Lesion d en sity1 fcy le a f  position^  
(S )-(-3 ) (-4 )-(-7T  All leaves
470.3 84.5 178.8
284.7 28.3 87.5
20.2 6 .8  9.0
233.6 38.3 88.8
11.2 0 .0  3 .0
28.0 3 .2  8.0
2 .0  0 .0  0.4
19.1 5 .0  8.6
43.6 0 .3  6 .6
6 .4  2 .3  3 .0
3.2 0.0 0 .8
5 .9  0 .0  1 .1
90.4 8.5 23.7
67.8 5 .4  17.5
6 .7  4 .9  5 .2
1.6  0.0  0.6
9 .6  1 .0  2.3
2.8  0.0  0.6
2 .1  0 .0  0 .7
0.0  0.0  0.0
0 .0  0 .3  0.3
1 .5  0 .0  0.3
2 .7  5 .3  4.7
0 .7  0 .6  0.6
24.4 0 .7  4 .1
5 .6  0 .0  1 .8
1 .4  0 .0  0 .3
0 .0  1.0  0.8
0.0  0.0  0.0
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occu rs  d u rin g  an in d iv id u a l p rim ary  in fe c t io n  p e rio d  w i l l  depend, t o  a  
c e r ta in  e x te n t , on th e  p o in t  in  th e  p rim ary  season  when th e  in f e c t io n  
p e r io d  o c c u r s .  Two t r e n d s  n o te d  w ere  t h a t  1) m o st c l u s t e r  l e s i o n s  
w ere e s ta b l is h e d  a t  th e  beg inn ing  o f th e  p rim ary  season, w ith  few o r 
none a t  th e  end, and 2 ) few te rm in a l le s io n s  w ere e s ta b l is h e d  a t  th e  
b e g in n in g  o f  t h e  p r im a ry  s e a s o n  and m ost o c c u r re d  a t  t h e  end o f  th e  
p rim ary  season.
S ev era l l i n e s  o f ev idence in d ic a te  t h a t  once c lu s te r  le av e s  reach  
th e i r  maximum s iz e  they  become h ig h ly  r e s i s t a n t  t o  scab . In  1984 and 
1985, c l u s t e r  le a v e s  had  s to p p e d  e x p an d in g  by p e t a l  f a l l ,  and in  th e  
Woodman Farm study , c lu s t e r  le s io n s  w ere on ly  reco rded  fo r  t r e e s  which 
w ere  u n p r o te c te d  w i th  f u n g ic id e  f o r  in f e c t io n  p e rio d s  t h a t  occu rred  
p r i o r  t o  o r  d u r in g  p e t a l  f a l l .  In  1985, no c l u s t e r  l e s i o n s  w ere  
reco rded  f o r  t r e e s  th a t  w ere u n p ro tec ted  f o r  in f e c t io n  p e r io d s  a f t e r  
bloom  ev en  th o u g h  m ore t h a t  70% o f  t h e  s e a s o n 's  t o t a l  o f  a s c o s p o re s  
w ere  t r a p p e d  a f t e r  b loom . The g r e a t e s t  a s c o s p o r e / c l u s t e r  l e s i o n  
r a t i o ,  which was 10 f o ld  la rg e r  th an  a ry  o th e r  r a t i o ,  o ccu rred  in  1984 
du rin g  an in f e c t io n  p e rio d  th a t  l a s t e d  from p e ta l  f a l l  th rough  f r u i t  
s e t .  T h is  l a r g e  r a t i o  s u g g e s t s  t h a t  th e  c l u s t e r  le a v e s  w e re  h ig h ly  
r e s i s t a n t  t o  scab . L esions w ere reco rded , however, which p o in ts  o u t 
t h a t  a l th o u g h  th e  l e a v e s  had  becom e h ig h ly  r e s i s t e n t  t o  s c a b , th e y  
w ere n o t immune. I t  i s  p o s s ib le  th a t  th e  pro longed in f e c t io n  p e rio d  
p r e s e n te d  i d e a l  c o n d i t io n s  f o r  i n f e c t i o n  t h a t  e n a b le d  a  s m a l l  
p r o p o r t io n  o f  th e  d e p o s i t e d  a s c o s p o re s  t o  overcom e th e  in c r e a s e d  
r e s is ta n c e  o f th e  c lu s t e r  le av e s .
R e s u l t s  o f  t h e  1985 M ast Road o rc h a rd  s tu d y  a l s o  i n d i c a t e  t h a t  
c lu s t e r  le a v e s  become h ig h ly  r e s i s t a n t  to  scab  when they  a t t a i n  t h e i r
116
maximum s iz e .  M cIntosh and C o rtlan d  t r e e s  u n p ro te c ted  fo r  th e  f i r s t  
tw o, f i r s t  th re e , o r a l l  f iv e  p rim ary  in fe c t io n  p e rio d s  had in c id e n ce s  
o f c lu s t e r  l e a f  scab  s im ila r  t o  t r e e s  u n p ro tec ted  fo r  on ly  th e  f i r s t  
i n f e c t i o n  p e r io d .  T hese  s i m i l a r i t i e s  c o u ld  n o t  be  a t t r i b u t e d  t o  
e x p o su re  t o  th e  sam e am ount o f  a i r b o r n e  in o c u lu m , a s  67% o f  th e  
s e a s o n 's  t o t a l  o f  a s c o s p o re s  w e re  t r a p p e d  a f t e r  t h e  f i r s t  i n f e c t i o n  
p e r io d .  H ow ever, th e  c l u s t e r  le a v e s  c e a s e d  e x p a n s io n  b e tw ee n  th e  
f i r s t  and second p rim ary  in f e c t io n  p e rio d s . A s im i la r  p a t te r n  was 
observed  on im m ature t r e e s ,  where th e  g r e a te s t  in c id e n ce  of c lu s t e r  
l e s i o n s  w e re  o b se rv e d  on  t r e e s  u n p r o te c te d  f o r  t h e  f i r s t  i n f e c t i o n  
p e r io d .  L e ss  th a n  6 . 6 % o f th e  c l u s t e r s  on t r e e s  u n p r o te c te d  f o r  
in f e c t io n  p e r io d s  a f t e r  p e ta l  f a l l  w ere in fe c te d .
Ih e  g r e a te s t  le s io n  d e n s i t i e s  on te rm in a l le a v e s  w ere a s s o c ia te d  
w i th  i n f e c t i o n  p e r io d s  t h a t  o c c u r re d  to w a rd  th e  end o f  th e  p r im a ry  
season , a  p a t te r n  o p p o s ite  t h a t  d e te c te d  on c lu s t e r  le av e s . In  th e  
1985 Woodman Farm stu d y , te rm in a l le s io n  d e n s i t i e s  ranged from 0 to  
4 . 0  x 1 0 “-* le s io n s  cm“^ s u s c e p t ib le  l e a f  a re a , w ith  0  reco rded  fo r  th e  
f i r s t  tw o p rim ary  in f e c t io n  p e rio d s  and th e  l a r g e s t  d e n s ity  recorded  
f o r  th e  f i n a l  p r im a ry  i n f e c t i o n  p e r io d .  The low  t e r m i n a l  l e s i o n  
d e n s i t i e s  r e c o rd e d  f o r  th e  f i r s t  p r im a ry  i n f e c t i o n  p e r io d s  w ere  
a t t r ib u te d ,  in  p a r t ,  t o  th e  sp a rse  amount o f s u s c e p t ib le  te rm in a l l e a f  
t i s s u e  d u rin g  in f e c t io n  p e rio d s  p r io r  to  p ink.
The te rm in a l le s io n s  reco rded  in  1985 in  th e  Woodman Farm study  
w ere l i k e ly  caused  fcy in f e c t io n s  fcy asco sp o res , b u t te rm in a l le s io n s  
r e c o rd e d  i n  a l l  p l o t s  i n  1984 may have  b een  c a u se d  by i n f e c t i o n s  by 
asco sp o res  and c o n id ia . T h is  was because th e  len g th y  in f e c t io n  p e rio d  
on 28 May -  2 June th a t  ended th e  1984 p rim ary  scab  season  r e s u l te d  in
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secondary in f e c t io n s  w hich obscured  th e  id e n t i f i c a t i o n  o f le s io n s  th a t  
d e v e lo p e d  from  p r e v io u s  i n f e c t i o n  p e r io d s .  At t h e  b e g in n in g  o f  th e  
w et p e rio d , t r e e s  in  p lo t s  A, B, and C w ere p ro te c te d  w ith  cap tan  th a t  
had been ap p lie d  on 25 May. By 30 May, i t  was l i k e ly  t h a t  s u f f i c i e n t  
r a i n  (9.5 cm) had  f a l l e n  t o  re d u c e  th e  c a p ta n  r e s id u e  b e low  th e  
p ro p o se d  th r e s h o ld  l e v e l  o f  1 - 2  ug cm“ ^ n e c e s s a ry  f o r  s c a b  c o n t r o l  
(1 0 8 ) . T h u s , f ro m  30 May t o  2 J u n e ,  t h e  c a p t a n  r e s i d u e  w as 
in s u f f ic ie n t  in  th e se  p lo t s  t o  p r o te c t  a g a in s t  secondary  in fe c t io n s . 
The p rim ary  le s io n s  in  th o se  p lo t s  w hich had been i n i t i a t e d  e a r l i e r  in  
th e  grow ing season cou ld  th e n  p ro v id e  a  source  o f c o n id ia  w ith in  th e  
t r e e  c a n o p ie s .
There a re  s e v e ra l l i n e s  o f ev idence to  su g g est t h a t  many te rm in a l 
le s io n s  reco rded  fo r  p lo t s  A, B, and C in  1984 were caused  by co n id ia . 
In  p lo t  A, te rm in a l le s io n s  w ere reco rded  even though te rm in a l le av e s  
had  n o t  begun  t o  grow  w hen th e s e  t r e e s  w e re  u n p r o te c te d .  L ik e w is e , 
t e r m in a l  l e s i o n s  in  p l o t  B w ere  l i k e l y  a  m ix tu r e  o f  p r im a ry  and 
secondary le s io n s .  T erm inal le s io n s  w ere reco rded  on le a v e s  4-10, b u t 
o n ly  s i x  l e a v e s  p e r  t e r m in a l  w e re  p r e s e n t  when th e  t r e e s  w ere  
u n p ro tec ted . In  p lo t  C, ev idence  fo r  secondary in f e c t io n s  in c lu d e s  th e  
p resen ce  o f sh e e t scab  on san e  le a v e s  and le s io n s  reco rded  on le a v e s
13 and  14 w h ich  w ere  n o t  p r e s e n t  on 1 2 -1 4  May, w hen th e  p l o t  w as 
u n p r o te c te d  w i th  f u n g ic id e .  B ased  on a v a i la b le  in fo rm a tio n  on th e  
l a t e n t  p e rio d  fo r  V. in a e q u a lis  (127), in f e c t io n s  t h a t  o ccu rred  on 12-
14 May would l i k e ly  have developed in to  s p o ru la tin g  le s io n s  betw een 28 
May and 1 June. Thus, i t  ap p ears  th a t  some te rm in a l le s io n s  in  p lo t  
C r e s u l te d  from secondary in fe c t io n s .
The p re s e n c e  o f  s h e e t  s c a b  on t r e e s  i n  p l o t  D on  1 J u ly  r a i s e s  a
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q u e s t i o n  a s  t o  t h e  o r i g i n  o f  th e  in o cu lu m  c a u s in g  th e  s h e e t  s c a b . 
S h e e t s c a b  i s  b e l i e v e d  t o  be c a u se d  by c o n id ia  t h a t  a r e  s p la s h -  
d isp e rse d , cau sin g  m u lt ip le  in f e c t io n s  and le s io n s  on th e  l e a f  from  
w hich  th e y  o r i g i n a t e  o r  on o th e r  l e a v e s  th ro u g h o u t  th e  t r e e  canopy . 
T hese  l e s i o n s  a r e  so  num ero u s a s  t o  l o s e  t h e i r  in d iv id u a l  i d e n t i t y .  
A ssum ing t h a t  th e  o b se rv e d  s h e e t  s c a b  w as c au se d  by c o n id ia l  
i n f e c t i o n s ,  t h e  in o c u lu m  w ould  h av e  o r i g i n a t e d  w i t h i n  th e  t r e e  
canop ies w here th e  le s io n s  w ere observed , o r would have been d isp e rse d  
fro m  l e s i o n s  in  o th e r  p l o t s .  E v id en c e  f o r  th e  fo rm e r  e x p la n a t io n  
can es  from 6  y e a rs  o f sp o re  tra p p in g  in  th e  p re s e n t s tudy  and w ith  a 
B urkhard sp o re  t r a p  a t  th e  h igh-inocu lum  Mast Road re se a rc h  o rch ard  
w here  no c o n id ia  o f  V. i n a e o u a l i s  have  e v e r  b een  t r a p p e d  by t r a p s  
p laced  o u ts id e  a  t r e e  canopy d u rin g  th e  p rim ary  season. O thers (21) 
h av e  a l s o  c o n te n d e d  t h a t  c o n id ia  a r ^  n o t  im p o r ta n t  in  t h e  s p re a d  o f  
scab  over d is ta n c e s  beyond an a d ja c e n t t r e e .  The form er e x p lan a tio n  
a ls o  im p lie s  t h a t  fu n g ic id e  sp ray s  a r e  no t 100% e f f e c t iv e ,  as  p lo t  D 
w as  s p r a y e d  o n  a  w e e k ly  b a s i s  u n t i l  13 May. T h i s  i s  n o t  a n  
u n re a s o n a b le  a rg u m e n t. F o r ex am p le , t r e e s  s p ra y e d  th ro u g h o u t th e  
p r im a ry  s e a s o n  on a  7 -1 0  day p r o t e c t a n t  s c h e d u le  a t  t h e  M ast Road 
re se a rc h  o rch a rd  in  1985 had 2% c lu s t e r  scab  when indexed on 27 June. 
The l a t t e r  e x p la n a tio n  im p lie s  d is p e r s a l  o f co n id ia  beyond th e  canopy 
o f  t h e  t r e e  i n  w h ich  th e y  o r i g i n a t e ,  a  phenom enon w h ich  n e ed s  t o  be 
s tu d ie d  more c a r e fu l ly .  C onid ia have been trap p ed  beyond th e  canopy 
by H ow itt (57), who tra p p e d  c o n id ia  on v a s e l in e  co a ted  s l id e s  up to  
12 m fro m  t r e e s  w i th  l e s i o n s  on  12 J u n e , an d  up t o  22 m on 20 J u ly ,  
and  by A l l i t  (3 ), who t r a p p e d  c o n id ia  fro m  th e  ro o f  o f  a h o s p i t a l  
lo c a te d  in  th e  c i ty  o f Cambridge, UK.
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Ih e re  i s  no ev idence  from t h i s  s tudy  th a t  th e  e a r ly  developm ent 
o f scab  le s io n s  on c lu s t e r  le av e s  c o n tr ib u te d  s ig n i f i c a n t ly  t o  f r u i t  
s c a b  i n  an  o rc h a rd  w ith  p ro p e r  f u n g ic id e  p r o t e c t i o n  l a t e r  i n  th e  
grow ing season , a lthough  c lu s te r  le s io n s  a r e  c lo se  t o  th e  develop ing  
f r u i t  and a re  a  sou rce  o f  co n id ia . C lu s te r  le s io n s  w ere e x te n s iv e  a t  
th e  Mast Road o rchard  in  1985. One o r more scab le s io n s  developed on 
32 t o  45% o f  th e  c l u s t e r s  i n  a l l  t r e e s  e x c e p t  t r e e s  p r o t e c t e d  
th roughout th e  p rim ary  season. Yet, th e  maximum p e rcen tag e  o f scabbed 
f r u i t  re c o rd e d  on 24 Aug. was o n ly  7.6% on M cIn to sh  and  4.3% on 
C o rtlan d  t r e e s  sprayed  w ith  fu n g ic id e  th roughout th e  secondary season. 
L e ss  th a n  25% o f  th e  c l u s t e r s  w i th  s c a b  l e s i o n s  c o n ta in e d  s c a b b e d  
f r u i t ,  and scabbed f r u i t  o f te n  occu rred  w ith in  c lea n  c lu s te r s .  At th e  
Woodman Farm, th e  p lo t  w ith  th e  most c lu s t e r  le s io n s  in  1984 had th e  
lo w est p e rcen tag e  o f scabbed f r u i t .  Thus, le s io n s  on c lu s t e r  le av e s , 
th o u g h  c lo s e  t o  d e v e lo p in g  f r u i t ,  d id  n o t  a p p e a r  t o  p ro d u c e  c o n id ia  
t h a t  c o n t r ib u t e d  s i g n i f i c a n t l y  t o  th e  developm ent o f scabbed f r u i t .  
J eg e r (60) was a ls o  unable t o  u t i l i z e  l e a f  scab  in te n s i ty  o r  in c id en ce  
to  s a t i s f a c t o r i l y  p r e d ic t  f r u i t  scab  in te n s i ty .
T h ese  f i n d i n g s  a r e  in  c o n t r a s t  t o  th o s e  o f  K e i t t  and  J o n e s  (64) 
who n o te d  t h a t  f r u i t  s c a b  in c id e n c e  w as g r e a t e s t  when i n f e c t i o n s  
o ccu rred  on s e p a ls  and c lu s t e r  le a v e s  e a r ly  in  th e  season. However, 
th ey  w ere exam ining f r u i t  on t r e e s  unsprayed d u rin g  th e  e n t i r e  grow ing 
s e a s o n . D a le  e t  a l .  (23 ), o v e r a  f o u r  y e a r  p e r io d ,  fo u n d  t h a t  
d e la y in g  t h e  s t a r t  o f  a  f u n g ic id e  p ro g ram  le d  t o  an  i n c r e a s e  in  th e  
am ount o f  f r u i t  s c a b  a t  h a r v e s t .  In  t h e i r  s tu d y , th e  p e r c e n ta g e s  o f  
scabbed f r u i t  from sp ray  program s th a t  began app rox im ate ly  one month 
a p a r t  w e re  98.8 v s  97.5%, 95 v s  91.8%, 84.3 v s  55.8%, and  57.8 v s
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27.3% i n  1963 -  1966, r e s p e c t i v e l y .  They a t t r i b u t e d  th e  d e c re a s e d  
le v e l  of c o n tro l each y e a r  to  in c re ase d  inoculum , in adequate  p run ing  
w h ich  l i m i t e d  f u n g ic id e  c o v e ra g e , le a c h in g  by f r e q u e n t  r a i n  in  th e  
l a t t e r  y e a rs , and re d u c tio n  o f fu n g ic id e  r a te .  However, th ey  a p p lie d  
dodine e x c lu s iv e ly  in  th e  o rch ard , and had been u sin g  dodine in  t h a t  
o rch ard  fo r  a t  l e a s t  th re e  y e a rs  p r io r  to  th e  study  (21). Because th e  
d ev e lo p m en t o f t o l e r a n c e  t o  d o d in e  i s  common w i th  r e p e a te d  u se  o f  
d o d in e  (4 0 ,8 2 ,1 2 3 ) , t h e  d a ta  o f D ale  e t  a l .  p ro b a b ly  r e f l e c t e d  a 
b u ild -u p  o f  dodine to le ra n c e  i n  th e  e x p e r im e n ta l  o rc h a rd  d u r in g  th e  
c o u rs e  o f  t h e i r  s tu d y . I f  t r u e ,  th e n  th e  s tu d y  d id  n o t  a c c u r a t e ly  
a s s e s s  t h e  e f f e c t  o f  f u n g i c i d e  s p r a y  s t a r t i n g  d a t e  on  f i n a l  
p e rcen tag es  of f r u i t  scab , w ith  th e  p o s s ib le  ex cep tio n  o f 1963.
In  th e  1985 M ast Road s tu d y , f r u i t  s c a b  on t r e e s  u n p r o te c te d  
u n t i l  a f t e r  bloom  w as g r e a t e r  th a n  on t r e e s  sp ra y e d  a t  l e a s t  once 
p r i o r  t o  b loom , b u t  t h e  h ig h e s t  in c id e n c e  o f  f r u i t  s c a b  on 24 A ugust 
w as o n ly  7.6% on M cIn to sh  and 4.3% on C o r t la n d  d e s p i t e  22 se c o n d a ry  
i n f e c t i o n  p e r io d s .  T h ese  p e r c e n ta g e s  a r e  above t o l e r a n c e  l e v e l s  o f  
m ost c o m m e rc ia l g ro w e rs , b u t  th e y  do i n d i c a t e  t h a t  f r u i t  s c a b  
in c id en ce  may n o t in c re a se  d ra m a tic a lly  w ith  a  re d u c tio n  in  fu n g ic id e  
a p p l ic a t io n s  du rin g  th e  p rim ary  scab  season. T rees in  th e  p ro te c ta n t  
schedu le  re c e iv e d  11 fu n g ic id e  sp ray s  compared t o  7 sp ray s  fo r  t r e e s  
f i r s t  t r e a te d  a t  f r u i t  s e t ,  b u t only  one o f th e  th re e  schedu les in  th e  
l a t t e r  g ro u p  (s c h e d u le  D on M cIn to sh , s c h e d u le  F on C o r t la n d )  h ad  
s ig n i f ic a n t ly  (p = 0.05) more f r u i t  scab. A s l i g h t  in c re a se  in  f r u i t  
s c a b  c o u ld  be j u s t i f i e d  and  t o l e r a t e d  by a  g ro w er i n t e r e s t e d  in  
m arke ting  f r u i t  a d v e r tis e d  a s  being  produced w ith  a  minimum number of 
chem ical a p p lic a t io n s . Such a  m arketing  s t r a te g y  could  be p r o f i t a b le
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in  a  carc in o p h o b ic  s o c ie ty  w here peop le  m ight conceivab ly  pay th e  same 
p r ic e  o r more fo r  a p p le s  w ith  a  h ig h e r in c id en ce  o f scab  i f  produced 
w ith  few er sp ray s.
Dodine i s  a  s p o ru la t io n  in h ib i to r  (2), b u t th e re  was no ap p aren t 
i n h i b i t o r y  e f f e c t  i n  t h i s  s tu d y . B ecau se  th e  d e v e lo p m en t o f  some 
f o l i a r  le s io n s  was expected , dodine had been in c lu d ed  in  some of th e  
sp ray  sch ed u les  to  d e te rm in e  i f  l im i t in g  co n id ia  p ro d u c tio n  in  th o se  
l e s i o n s  w ou ld  l e s s e n  t h e  b u i ld - u p  o f  s e c o n d a ry  s c a b  and  f r u i t  s c a b  
th ro u g h o u t  th e  g ro w in g  s e a so n . On M cIn to sh  t r e e s  f i r s t  s p ra y e d  a t  
p in k ,  t h e  d o d in e  t r e a t e d  t r e e s  had  s i g n i f i c a n t l y  (p = 0.05) m ore 
t e r m i n a l  s c a b  th a n  t h e i r  d o d in e  f r e e  c o u n te r p a r t s  (B), b u t  no 
s t a t i s t i c a l l y  s ig n i f i c a n t  d if f e r e n c e s  w ere no ted  from C o rtlan d  t r e e s  
s p ra y e d  w i th  maneb o r d o d in e  a t  p in k . S i m i l a r l y ,  t h e r e  w ere  no 
s ig n i f ic a n t  d if f e r e n c e s  in  te rm in a l scab betw een M cIntosh o r C o rtlan d  
t r e e s  f i r s t  t r e a te d  w ith  dodine o r maneb a t  f r u i t  s e t .  There w ere no 
s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  in  th e  p e rc e n ta g e  o f  scab b ed  
f r u i t  b e tw e e n  any d o d in e  and  d o d in e - f r e e  s c h e d u le s  on 1 J u ly  o r  24 
Aug.
The inoculum  source  in  th e  Woodman Farm re se a rc h  p lo t s  was much 
g re a te r  th a n  would be expec ted  in  a  w ell-m anaged com m ercial o rch ard  
w i th  <5% f o l i a r  s c a b . Gadoury (38) e s t i m a te d  t h a t  an  o rc h a rd  w i th  
4.5% f o l i a r  s c a b  w ould  h av e  42.2 l e s i o n s  m- ^ o rc h a rd  f l o o r ,  an d  an  
o rc h a rd  w i th  20% l e a f  s c a b  w ou ld  c o n ta in  205 l e s i o n s  m“ ^ o rc h a rd  
f l o o r .  The p o in t  s o u rc e  o f in o cu lu m  in  t h e  r e s e a r c h  p l o t s  w as 
e s tim a te d  in  C hapter I I I  t o  c o n ta in  2500 le s io n s  m- ^ o f o rch ard  f lo o r .  
However, d e s p ite  th e  la rg e  inoculum  sou rce , no c o n s is te n t  r e la t io n s h ip  
was de term ined  betw een a irb o rn e  asco sp o re  d e n s i t i e s  reco rded  a t  th e
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so u rc e  o r  i n  th e  t r e e  c a n o p ie s  and  c l u s t e r  o r  t e r m in a l  l e s i o n  
d e n s i t i e s  in  any p lo t .  The d i f f i c u l t y  in  e s ta b l is h in g  a  r e la t io n s h ip  
was due to  th e  low numbers o f le s io n s  observed  in  each p lo t  and n o t t o  
ary  in h e re n t in e f f ic ie n c y  o f th e  v o lu m e tr ic  sp o re  t r a p s  t o  a c c u ra te ly  
d e te c t  low a irb o rn e  ascospo re  d e n s i t ie s .
C lo se r exam ination  o f th e  r e la t io n s h ip  betw een a irb o rn e  ascospo re  
d e n s ity  and le s io n  d e n s ity  e s ta b l is h e d  w ith  s e e d lin g s  a t  th e  Mast Road 
o rc h a rd  (F ig . 5) h e lp s  t o  e x p la in  t h e  i n c o n s i s t e n t  r e l a t i o n s h i p  
reco rded  fo r  th e  Woodman Farm study. Only when th e  a irb o rn e  ascospore  
d e n s i ty  w as g r e a t e r  th a n  5000 a s c o s p o re s  m“ 3 a i r  w as t h e r e  a  
r e la t io n s h ip  w ith  le s io n  d e n s ity . Below 5000 a sco sp o res  m“^ a i r ,  th e  
r e la t io n s h ip  betw een a irb o rn e  ascospore  d e n s ity  and le s io n  d e n s ity  was 
i n c o n s i s t e n t ,  w i th  a  maximum o f  23.0 X 10” ^ l e s i o n s  cm“ 2 l e a f  a r e a  
recorded . In  th e  tw o y e a r s  th e  Woodman Farm studp  was conducted, th e  
maximum a s c o s p o re  d e n s i t y  m easu red  a t  t h e  s o u rc e  by th e  7-Day 
r e c o r d in g  v o lu m e t r ic  s p o re  t r a p  w as 482 a s c o s p o re s  m“ 3 a i r ,  and  th e  
a i r b o r n e  a s c o s p o re  d e n s i t i e s  in  th e  c a n o p ie s  2 - 6  m from  th e  s o u rc e  
w ere  much l e s s .  T hus, f o r  e v e ry  i n f e c t i o n  p e r io d  in  1984 and  1985, 
th e  d e n s ity  o f a irb o rn e  a sco sp o res  a t  th e  Woodman Farm would have been 
a t  t h e  lo w e r  e n d  o f  t h e  c u r v e  i n  F i g u r e  5 , e x p l a i n i n g  t h e  
in c o n s is te n c ie s  when t r y in g  to  r e l a t e  a i r b o r n e  a s c o s p o re  d e n s i t y  t o  
le s io n  d e n s ity  a t  th e  Woodman Farm.
It may be that the plot size in the Woodman Farm study was not 
large enough to detect a low threshold of lesions that was developing. 
However, to increase the plot size by adding more trees would have 
resulted in some trees being farther away from the inoculum source, 
where fewer ascospores would be available to cause infections. Also,
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although  d a ta  w ere on ly  re p o r te d  fo r  50 c lu s t e r  and 50 te rm in a ls  p e r 
t r e e ,  many more were exam ined to  en su re  t h a t  th e  low number o f  le s io n s  
being  reco rded  was an a c c u ra te  assessm en t o f th e  amount o f d is e a s e  in  
th e  e n t i r e  t r e e .
H i r s t  and S tedm an (53) s t a t e d  t h a t  th e  i n i t i a l  i n f e c t i o n  in  an 
u n sp ra y e d  o rc h a rd  w ou ld  be p r o p o r t i o n a l  t o  th e  c o n c e n t r a t io n  o f  
a irb o rn e  asco sp o res , b u t th ey  p re sen te d  no d a ta  to  s u b s ta n t ia te  t h e i r  
c la im . R e s u l t s  fro m  th e  p r e s e n t  s tu d y  i n d i c a t e  t h a t  th e  am ount o f  
i n i t i a l  i n f e c t i o n  w i l l  be  p r o p o r t i o n a l  t o  th e  a i r b o r n e  a s c o s p o re  
d e n s ity  only  when th e re  a re  e x c e p tio n a lly  la rg e  amounts o f inoculum  in  
an o rchard . U sually , such inoculum  le v e l s  a re  found on ly  in  abandoned 
o rch a rd s  o r in  p la n t  pa tho logy  re se a rc h  o rch ard s.
In  co m m e rc ia l o rc h a rd s  t h a t  c o n ta in  much l e s s  in o c u lu m , i . e . ,  
w e ll below 2500 le s io n s  m"2 o rch ard  f lo o r ,  th e  r e la t io n s h ip  betw een 
a i r b o r n e  a s c o s p o re  d e n s i t y  and l e s i o n  d e n s i ty  can  n o t be p r e c i s e l y  
d e f in e d . H ow ever, some g e n e r a l i z a t i o n s  may be made a b o u t l e s i o n  
d e n s i t i e s  t h a t  m ight occur in  a  low inoculum  com m ercial M cIntosh or 
C ortland  o rch ard  w ith  in s u f f i c i e n t  or no fu n g ic id e  coverage du rin g  a 
p rim ary  in fe c t io n  p e rio d . For in fe c t io n  p e rio d s  t h a t  occur p r io r  to  
p in k ,  i n f e c t i o n s  w ou ld  be l i m i t e d  t o  th e  c l u s t e r  l e a v e s  w i th  l e s i o n  
d e n s i ty  n o t  e x p e c te d  t o  e x c e e d  1.5 X 10“ ^ l e s i o n s  cm_2 c l u s t e r  l e a f  
t i s s u e .  From p in k  th ro u g h  p e t a l  f a l l ,  l e s i o n s  may o c c u r  on c l u s t e r  
and t e r m in a l  l e a v e s .  The ra n g e  e x p e c te d  in  c l u s t e r  l e s i o n  d e n s i ty  
w ould  be th e  sam e a s  ab o v e . T e rm in a l l e s i o n  d e n s i ty  i n  th e  p r e s e n t  
s tu d y  d id  n o t  e x ce e d  59.3 X 10”3 l e s i o n s  cm“ 2 t e r m in a l  l e a f  t i s s u e ,  
b u t th e  l a r g e s t  v a lu e s  in c lu d ed  p rim ary  and secondary le s io n s .  In  th e  
absence of c o n id ia , a  more c o n se rv a tiv e  range of 0-23.0 X 1 0 “^ le s io n s
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cm“ 2  m ight be expected , th e  upper l i m i t  based on th e  maximum le s io n  
d e n s ity  recorded  on s e e d lin g s  when th e  a irb o rn e  ascospore  d e n s ity  was 
l e s s  th a n  5000 a s c o s p o r e s  m“ 3 a i r .  A f te r  p e t a l  f a l l ,  new l e s i o n s  
would be r e s t r i c t e d  to  th e  h ig h ly  s u s c e p tib le  youngest seven te rm in a l 
le a v e s , and few , i f  any, le s io n s  would be expected  to  develop on o ld e r  
le a v e s  under low inoculum  c o n d itio n s . I f  scabbed le a v e s  a re  p re se n t 
a t  t h a t  tim e , th e  te rm in a l  le s io n  d e n s ity  on u n p ro tec ted  t i s s u e  m ight 
ap p ro a c h  d e n s i t i e s  o f  59.3 x 10 ” 3 l e s i o n s  cm~2 re c o rd e d  in  1984. 
Although m iss in g  a  fu n g ic id e  a p p l ic a t io n  in  th e  p rim ary  scab  season  
w i l l  r e s u l t  in  an in c re a se  in  th e  amount of f o l i a r  scab, th e re  should 
be no e f f e c t  on f i n a l  am o u n ts  o f  f r u i t  s c a b  i f  th e  g ro w er m akes 
c a r e f u l  an d  t i m e l y  f u n g i c i d e  a p p l i c a t i o n s  a f t e r  t h e  m is s e d  
a p p l ic a t io n .
A m ajor f a c to r  t h a t  l i m i t s  th e  number o f p rim ary  in fe c t io n s  e a r ly  
in  th e  grow ing season i s  th e  sm all amount of s u s c e p tib le  t i s s u e  t h a t  
an asco sp o re  can im pinge upon. The a sc o s p o re / le s io n  r a t i o s  m easured 
in  th e  Woodman Farm study  w ere g r e a te s t  fo r  c lu s te r  le s io n s  i n i t i a t e d  
a t  th e  beg inn ing  of th e  p rim ary  season , l e s s  fo r  c lu s t e r  le s io n s  j u s t  
p r io r  t o  th e  a t t a in in g  t h e i r  maximum s iz e ,  and s m a lle s t  f o r  te rm in a l 
le s io n s  i n i t i a t e d  l a t e r  in  th e  growing season. The d ecrease  in  th e  
a s c o s p o re / le s io n  r a t i o  a s  th e  t r e e  canopy f i l l e d  in  may have been th e  
r e s u l t  o f a  g re a te r  d e p o s it io n  e f f ic ie n c y  fo r  V. in a e q u a lis  a sco sp o res  
when more f o l ia g e  was p re s e n t . C a r te r  (18) showed th a t  th e  d e p o s it io n  
o f ascospo res by Eutypa arm eniaceae in c re a se d  a s  th e  amount o f a p r ic o t  
fo l ia g e  in c reased . The mechanism of ascospore  d isch a rg e  and d is p e r s a l  
d u rin g  ra in y  p e rio d s  a re  s im i la r  to  th o se  of V. in a e q u a lis .
Low numbers o f le s io n s  r e s u l t in g  from prim ary  in fe c t io n  p e rio d s
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can  be e x p la in e d  by e x a m in in g  th e  l i f e  h i s t o r y  o f  V. i n a e q u a l i s . 
T hrough e v o lu t io n ,  in  t h e  a b se n c e  o f  f u n g ic id e s ,  t h e  fu n g u s  h a s  
developed mechanisms of spo re  p ro d u c tio n  and r e le a s e  which en su re  th a t  
asco sp o res  a re  p re s e n t in  th e  atm osphere a t  a  tim e  most conducive fo r  
in f e c t io n ,  i .e .  when i t  i s  r a in in g  and young, s u s c e p tib le  l e a f  t i s s u e  
i s  p r e s e n t .  O nly a  few  l e s i o n s  a c t u a l l y  d e v e lo p  from  i n f e c t i o n  
p e r io d s  o c c u r r in g  e a r l y  i n  th e  g ro w in g  s e a s o n , b u t  t h e s e  l e s i o n s  
p ro d u c e  c o n id ia  t h a t  c an  c a u se  se c o n d a ry  i n f e c t i o n s .  The s p l a s h -  
d i s p e r s a l  o f  c o n id ia  w i t h i n  th e  t r e e  canopy th ro u g h o u t th e  g ro w in g  
s e a s o n  i s  an  e v o lu t io n a r y  c h a r a c t e r i s t i c  w h ich  i s  r e s p o n s ib le  f o r  
e s t a b l i s h i n g  h ig h  l e s i o n  d e n s i t i e s .  L a rg e  num bers o f  l e s i o n s  a r e  
n e c e s s a ry  b e c a u se  many sca b b e d  le a v e s  f a l l  and decay  p r i o r  t o  th e  
o n s e t  o f  w i n t e r ,  and  th e  p o p u la t io n  s i z e  a t  l e a f  f a l l  m ust be 
s u f f i c i e n t  fo r  in s u r in g  s u c c e ss fu l o v e rw in te rin g  o f th e  pathogen and 
renewed c o n ta c t w ith  th e  h o s t th e  fo llo w in g  sp rin g . Hie b u ild -u p  of 
scab  th roughou t th e  grow ing season  a ls o  in c re a se s  th e  p ro b a b i l i ty  th a t  
o p p o s ite  m ating  ty p e s  w i l l  make th e  c o n ta c t n ecessary  to  produce th e  
o v e rw in te rin g , sexual s ta g e  o f th e  fungus.
The few le s io n s  t h a t  r e s u l t  from prim ary  in fe c t io n s  su g g est more 
f l e x i b i l i t y  in  sch ed u lin g  e a r ly  season  sp ray s. I t  may be p o s s ib le  to  
om it sp ray s  u n t i l  th e  appearance  o f s e c o n d a ry  in o cu lu m . F u n g ic id e s  
a v a i l a b l e  to d a y  have  show n c o n s id e r a b le  e f f e c t i v e n e s s  in  l i m i t i n g  
l e s i o n s  u n d e r h ig h  in o cu lu m  p r e s s u r e  m a in ta in e d  in  r e s e a r c h  t r i a l s  
(1 0 4 ,1 0 5 ,1 0 6 ,1 2 1 ), t o  t h e  e x t e n t  t h a t  a  s p ra y  p ro g ram  b a se d  on th e  
f i r s t  a p p e a ra n c e  o f s e c o n d a ry  in o cu lu m  may be a s  e f f e c t i v e  a s  a  
p ro g ram  d e s ig n e d  t o  p r e v e n t  a l l  i n i t i a l  i n f e c t i o n s .  Under such  a  
program , th e  f i r s t  fu n g ic id e  a p p l ic a t io n  m ight be a p p lie d  a t  th e  p ink
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bud s t a g e .  In  New H am p sh ire , t h e  f i r s t  p r im a ry  l e s i o n s  a r e  u s u a l l y  
n o t  i n i t i a t e d  u n t i l  0.6 -  1.3 cm (1 /4  -  1 /2 " )  g re e n . In  th e  p a s t  7 
y e a r s ,  t h e  a v e ra g e  i n t e r v a l  b e tw ee n  th e  1.3 cm g re e n  and  p in k  bud 
s ta g e s  has been 13 days. T om erlin  and Jones (127) have re p o rte d  th a t  
a t  l e a s t  1 0  days a re  re q u ire d  b e fo re  secondary inoculum  i s  produced. 
The l a t e n t  p e r io d  i s  lo n g e r a t  th e  c o o le r  te m p e ra tu res  which p re v a i l  
in  New H am psh ire  a,u. th e  b e g in n in g  o f  th e  p r im a ry  s e a s o n , so  in  m o st 
y e a rs  secondary in fe c t io n s  would n o t occur u n t i l  p ink . L esions p r io r  
t o  p in k  w i l l  be r e s t r i c t e d  t o  c l u s t e r  l e a v e s ,  b u t  t h e i r  p r e s e n c e  
sh o u ld  n o t c o n t r i b u t e  t o  an  u n a c c e p ta b le  in c id e n c e  o f  f r u i t  s c a b  a t  
h a r v e s t .  P in k  i s  a  c o n v ie n t  f l o r a l  g ro w th  p h a se  t o  s t a r t  a  s c a b  
c o n t r o l  p ro g ram , b e c a u se  g ro w e rs  u s u a l l y  a p p ly  an  i n s e c t i c i d e  f o r  
t a r n i s h e d  p l a n t  bug a t  p in k . T hus, b o th  p e s t i c i d e s  c o u ld  be a p p l ie d  
s im u ltan eo u s ly , sav ing  th e  grow er tim e  and money. D elaying th e  f i r s t  
fu n g ic id e  sp ray  f o r  scab  u n t i l  p ink  would r e s u l t  in  one, tw o, o r even 
th re e  few er sp ray s  d u rin g  th e  p rim ary  scab  season.
One n eg a tiv e  a sp e c t o f d e lay in g  th e  f i r s t  fu n g ic id e  sp ray  would 
be an in c re a se  in  th e  amount of f o l i a r  scab and, th u s , an in c re a se  in  
o v e rw in te rin g  inoculum . However, t e c h n iq u e s  have  been  d e v e lo p e d  t o  
e s t im a te  th e  amount o f o v e rw in te rin g  inoculum  in  an o rchard  based on 
th e  am ount o f  f o l i a r  s c a b  a t  th e  end  o f  th e  g ro w in g  s e a s o n  (3 8 ), and  
th e  e f f e c t iv e n e s s  o f a  p o s t-h a rv e s t  fu n g ic id e  a p p l ic a t io n s  in  reducing  
th e  o v e rw in te rin g  inoculum  has been shown h e re  and in  o th e r  s tu d ie s  
(37). I f  t h e  b u i ld - u p  o f  sca b  i n  a  c o m m e rc ia l o rc h a rd  ex ceed ed  a 
t o l e r a n c e  l e v e l  f o r  o v e r w in te r in g  in o c u lu m , a  s i n g l e  p o s t - h a r v e s t  
a p p l ic a t io n  cou ld  reduce th e  o v e rw in te rin g  inoculum  to  an a cc e p tab le  
l e v e l .  A p o s t - h a r v e s t  s p ra y  w ou ld  a c t u a l l y  be an  a d d i t i o n a l  s p ra y
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because growers do not apply fungicide sprays after harvest. 
However, over time, the occasional post-harvest application would 
still result in less fungicide applied each year than is presently 
being applied in pre-pink sprays for control of apple scab in New 
Hampshire. Other, non-pesticidal chemical means could also be used 
to reduce overwintering inoculum, e.g. urea applications or sanitation 
practices such as shredding or removing leaves.
S tu d ie s  on a p p le  sc a b  u s u a l ly  r e p r e s e n t  l e s i o n  d a ta  a s  th e  
p ro p o r tio n  o f le a v e s  w ith  scab  (27,123,136), b u t e x p re ss in g  d is e a s e  a s  
l e s i o n  d e n s i ty  p r o v id e s  a  m ore a c c u r a te  i n d i c a t i o n  o f  th e  l e s i o n s  
p r e s e n t  in  th e  o rc h a rd .  For ex am p le , t h e r e  w as no s i g n i f i c a n t  
d i f f e r e n c e  b e tw ee n  p l o t s  C and E (T ab le  4) on 1 S e p t. i n  th e  
p e rc e n ta g e  o f  t e r m in a l  le a v e s  w i th  l e s i o n s ,  b u t  th e  l e s i o n  d e n s i t y  
(and num ber) w as s i g n i f i c a n t l y  g r e a t e r  in  p l o t  E (T ab le  6 ). Such 
d if f e r e n c e s  may be c r i t i c a l ,  e s p e c ia l ly  i f  management d e c is io n s  a re  
in f lu e n c e d  by th e  am ount o f  s c a b  p r e s e n t  a t  th e  end o f  t h e  p r im a ry  
s c a b  s e a s o n . W ith  a  p ro c e d u re  f o r  f o r e c a s t i n g  th e  o v e rw in te re d  
a s c o s p o re  d o se  (38), a  g ro w er h a s  t h e  o p t io n  t o  a d j u s t  h i s / h e r  s c a b  
m anagem ent p ro g ram  b a se d  on th e  in o cu lu m  l e v e l .  A p o s t - h a r v e s t  
m easure to  reduce an inoculum  dose t h a t  i s  above a  s p e c i f ic  th re sh o ld  
i s  one ad ju s tm en t, and a d ju s t in g  th e  s t a r t i n g  d a te  o f a  sp ray  program 
th e  n e x t y e a r  b a se d  on in o cu lu m  d o se  b e low  a s p e c i f i e d  th r e s h o ld  i s  
a n o th e r .  The e f f e c t i v e n e s s  o f  s c a b  m anagem ent d e c i s io n s  w i l l  be  
in c r e a s e d  by e x p r e s s in g  d i s e a s e  in  a  m anner w h ich  b e s t  h i g h l i g h t s  
d if f e r e n c e s  in  th e  amount o f scab  in  an o rchard .
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C hapter V.
GLASSHOUSE STUDIES ON THE RELATIONSHIP BETWEEN 
AITBORNE ASCOSPORE DENSITY AND DEPOSITED ASCOSPORE DENSITY
IN VENTURIA INAEQUALIS
In tro d u c tio n
The p rev io u s  c h ap te r  examined th e  developm ent o f scab  le s io n s  on 
app le  t r e e s  w hich were u n p ro te c ted  w ith  fu n g ic id e  and lo c a te d  a d ja c e n t 
t o  a  la rg e  inoculum  sou rce . V o lum etric  sp o re  t r a p s  lo c a te d  w ith in  th e  
t r e e  can o p ies  trap p ed  a sc o s p o re s  d u r in g  m o st r a in y  p e r io d s .  A verage  
asco sp o re  d e n s i t i e s  o f 0.001 t o  0.09 sp o res  m“3 a i r  w ere m easured in  
th e  t r e e  c a n o p ie s ,  b u t  few  l e s i o n s  d e v e lo p e d . Two p o s s i b l e  
e x p la n a tio n s  fo r  th e  low number o f scab  le s io n s  a re ; 1 ) th e  p ro p o r tio n  
o f a irb o rn e  a sco sp o res  a c tu a l ly  d e p o s ited  on s u s c e p tib le  l e a f  t i s s u e  
w as s m a l l  r e l a t i v e  t o  th e  a i r b o r n e  a s c o s p o re  d e n s i t y ;  o r  2 ) o n ly  a  
sm a ll p ro p o r tio n  o f  d e p o s ited  asco sp o res  w ere capab le  o f in fe c t in g  th e  
a p p le  l e a f .  The p u rp o s e  o f  t h i s  s tu d y  w as t o  i n v e s t i g a t e  th e  f i r s t  
e x p la n a tio n  by d e te rm in in g  in  a  g la s s h o u s e  th e  r e l a t i o n s h i p  b e tw ee n  
a irb o rn e  ascospo re  d e n s ity  and d e p o s ited  ascospo re  d e n s ity .
129
Materials and Methods
The s tu d y  w as c o n d u c te d  a t  th e  U n iv e r s i ty  o f  New H am psh ire  
g lasshouse  f a c i l i t i e s  in  Durham. An inoculum  sou rce  o f app ro x im ate ly  
200 le a v e s  i n f e c t e d  w i th  V. i n a e q u a l i s  was o b ta in e d  from  u n sp ra y e d  
M cIn to sh  check  t r e e s  a t  th e  M ast Road R e se a rc h  O rch a rd  in  O c to b e r , 
1984, p la c e d  in  a  w ire  c a g e , and o v e rw in te re d  in  t h a t  o rc h a rd . On 
A p ril 1, 1985, when p seu d o th ec ia  were developed bu t n o t y e t  c o n ta in in g  
m a tu re  a s c o s p o re s ,  t h e  le a v e s  w ere  p la c e d  in  a  f r e e z e r  and s to r e d  
u n t i l  e x p e r im e n ts  w e re  c o n d u c te d  in  S e p te m b e r, 1985. P r io r  t o  
com m encem ent o f  th e  e x p e r im e n t ,  th e  le a v e s  w ere  p la c e d  in  a  g ro w th  
chamber a t  10 C t o  induce ascospo re  m a tu ra tio n .
The g la s s h o u s e  w as a p p ro x im a te ly  4 x 8  m and c o n ta in e d  tw o 
benches, each  1.5 x 7 m. One bench co n ta in ed  sp ruce  and f i r  s e e d lin g s  
a p p ro x im a te ly  0.5 m t a l l .  The cag e  w i th  th e  i n f e c t e d  l e a v e s  was 
p la c e d  a t  one end  o f  th e  sec o n d  bench  (F ig . 1). S ix  v o lu m e t r ic  s p o re  
t r a p s  (Appendix A) were p laced  on th e  bench, tw o each a t  d is ta n c e s  of 
0 .9 , 1.8 and  2 .7 m from  th e  i n f e c t e d  l e a v e s .  A M cIn to sh  a p p le  
s e e d l in g  w as p la c e d  d i r e c t l y  in  f r o n t  o f  e ach  s p o re  t r a p  below  th e  
l e v e l  o f  th e  t r a p  in ta k e .  One 22 mm^ c o v e r s l i p  w as a p p re s s e d  w i th  
pe tro leum  j e l l y  t o  each o f tw o le av e s  on each see d lin g . One c o v e rs l ip  
w as p la c e d  on th e  u p p e r l e a f  s u r f a c e  o f  th e  y o u n g e s t ,  exp an d ed  l e a f .  
The s e e d l in g  w as a d ju s t e d  so  t h a t  t h i s  c o v e r s l i p  w as f a c in g  th e  
a s c o s p o re  s o u rc e . The seco n d  c o v e r s l i p  w as p la c e d  on  th e  u p p e r 
su rfa c e  o f th e  second youngest le a f .  The low er su rfa c e  of t h i s  l e a f  
was fa c in g  th e  inoculum ; th u s , th e  c o v e r s l ip  was o r ie n te d  away from  














F ig u re  1. L o ca tio n  o f  sp o re  t r a p s  and se e d lin g s  in  r e l a t i o n  to  
th e  a sco sp o re  sou rce  and wind sou rce  on a  g la ssh o u se  bench. 
S1-S6 = s i t e s  1 -6 . Each s i t e  co n ta in ed  one v o lu m etric  spore  
t r a p  and one M cIntosh se e d lin g .
F ig u re  2. Spore t r a p  and s e e d lin g  p o s i t io n s  a t  each  s i t e  on 
g la ssh o u se  bench. C o v e rs lip  (C) on r i g h t ,  upperm ost l e a f  was 
fa c in g  away from th e  inoculum  and wind so u rces ; c o v e r s l ip  on 
l e f t ,  upperm ost l e a f  was fa c in g  th e  wind and inoculum .
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4 5 °  a n g le s  t o  th e  su r fa c e  o f  th e  bench.
A p o r ta b le  fa n  p la ce d  d i r e c t ly  behind  th e  spore  sou rce  prov ided  a  
w ind  s o u r c e  (F ig . 1 .) P r i o r  t o  com m encem ent o f  th e  e x p e r im e n t ,  a  
re c o rd in g  anemometer (W eatherM easure Corp. Sacrem ento, CA 95841) was 
used t o  d e te rm in e  th e  w ind speed a t  each s i t e .  Wind speed ranged from  
0.2 t o  0.9 m s - 1 .
A sc o sp o re s  w e re  r e l e a s e d  f i v e  t im e s  o v e r a  f i v e  week p e r io d .  
S p o re s  w ere  r e l e a s e d  n a t u r a l l y .  Tap w a te r  was i n i t i a l l y  p o u re d  
d i r e c t ly  on to  th e  in fe c te d  le a v e s , which w ere th e n  m is ted  to  keep them 
w et f o r  th e  d u ra tio n  o f  each t e s t .  A ll t e s t s  w ere conducted betw een 
0900 and 1300 h in  d e fe ren ce  to  th e  d a i ly  p a t te r n  of ascospo re  re le a s e  
e x h ib ite d  by V. in a e q u a lis  (78). A fte r each re le a s e ,  th e  le a v e s  w ere 
r e tu r n e d  t o  t h e  g ro w th  cham ber and in c u b a te d  a t  10 C t o  a l lo w  m ore 
a sco sp o res  to  m ature. At th e  com pletion  o f each  t e s t ,  th e  c o v e rs lip s  
w ere  rem oved fro m  e a c h  l e a f ,  in v e r t e d ,  and  p la c e d  on a  m ic ro sc o p e  
s l i d e  c o n ta in in g  s e v e r a l  d ro p s  o f  G e l v a t o l : g l y c e r o l : w a t e r  (35 
g : l0 0 m l:5 0 m l) . S p o re s  on th e  s p o re  t r a p  s l i d e s  w ere  m ounted  in  th e  
sam e s o l u t i o n ,  and  th e  d e n s i t i e s  o f  d e p o s i t e d  a s c o s p o re s  cm“ ^ and 
a irb o rn e  asco sp o res  m“3 w ere determ ined , r e s p e c tiv e ly , by scanning  th e  
e n t i r e  c o v e r s l i p  o r  t h e  e n t i r e  band o f  d e p o s i t e d  s p o r e s ,  u s in g  a  
compound m icroscope.
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R e su lts  and D iscussion
The range of a irb o rn e  asco sp o re  d e n s i t ie s  fo r  th e  f iv e  re le a s e s  
w as 1.3 t o  121.1 a s c o s p o r e s  m“ 3  (T ab le  1 ), w i th  a  minimum o f  6  and  a 
maximum o f 659 a s c o s p o re s  t r a p p e d .  A ir  c u r r e n t s  in  t h e  g la s s h o u s e  
w ere  su ch  t h a t  a t  e a c h  d i s t a n c e  from  th e  in o cu lu m  s o u rc e ,  m ore 
ascospo res w ere alw ays trap p ed  a t  th e  even numbered s i t e  th an  a t  i t s  
odd c o u n te rp a r t .
The d e p o s i t e d  a s c o s p o re  d e n s i t i e s  on th e  c o v e r s l i p s  w ere  lo w , 
ra n g in g  fro m  0.0 t o  0.52 a s c o s p o re s  p e r  cm3  (T ab le  1). O nly 24 
asco sp o res  w ere d e p o s ite d  du rin g  th e  e n t i r e  s tudy , w ith  1 0  reco rded  in  
th e  f i r s t  r e l e a s e  w hen th e  m o st a i r b o r n e  a s c o s p o re s  (1704) w ere  
t r a p p e d . S e v e n te e n  (71%) o f  th e  d e p o s i t e d  a s c o s p o re s  w ere  on 
c o v e rs lip s  fa c in g  th e  w ind and inoculum  source. The m ost a sco sp o res  
d e p o sited  on a  s in g le  c o v e r s l ip  was 4. In  a l l  o th e r  in s ta n c e s , 1 o r 2 
asco sp o res  w ere d ep o s ited . Seventy p e rc e n t of th e  c o v e rs l ip s  had no 
asco sp o res  d e p o s ite d  on them.
A tte m p ts  w ere  made t o  r e l a t e  a i r b o r n e  a s c o s p o re  d e n s i ty  t o  
d e p o s i t e d  a s c o s p o r e  d e n s i t y ,  u s in g  r e g r e s s i o n  a n a l y s i s  w i t h  
u n tra n s fo rm e d  and  t r a n s f o r m e d  d a ta ,  b u t  t h e r e  w as p o o r c o r r e l a t i o n  
betw een th e  tw o v a r ia b le s .  Ih e  m ost a sco sp o res  were d ep o sited  du rin g  
th e  f i r s t  t e s t .  In  th e  rem ain ing  fo u r t e s t s  th e re  was c o n s id e ra b le  
v a r ia t io n  in  th e  r e la t io n s h ip  betw een a irb o rn e  and d e p o sited  asco sp o re  
d e n s i t y ,  and  th e  l a r g e s t  a i r b o r n e  s p o re  d e n s i t i e s  d id  n o t  a lw a y s  
r e s u l t  in  th e  l a r g e s t  d e p o s ited  d e n s i t ie s .  An analogy m ight be drawn 
betw een t h i s  s tudy  and th e  s e e d lin g  s tudy  d e sc rib e d  in  C hapter IV. In
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T able  1 . A irborne and d e p o sited  asco sp o re  d e n s ity , a re a  dose, and 
e f f ic ie n c y  o f d e p o s it io n  o f asco sp o res  o f  V en tu ria  in aec tu a lis  
in  g lassh o u se  s tu d ie s .
^m s  *
^Ascospores m- 2  a i r  5  cm above see d lin g  c a lc u la te d  from 
sp o res  trap p ed  by a  v o lu m e tric  spo re  t r a p .
2  A scospores an- 2  d e p o s ite d  on c o v e rs lip s  p laced  on th e  upper 
and lcw er s u r fa c e s  o f  le a v e s  of ap p le  s e e d lin g s . F acing  and away 
d e sc r ib e  o r ie n ta t io n  of c o v e rs l ip  to  th e  inoculum so u rce .
4Area dose (Ascospores cm- 2 )
= asco spo res m- 2  x wind speed (m s " l )  x d u ra tio n  (s) o f 
sp o re  r e le a s e .
^P ercen tage  o f th e  a re a  dose above a  s e e d lin g  (as determ ined  
w ith  a  v o lu m etric  sp o re  tra p )  which i s  d e p o s ited  on th e  s e e d lin g  




























(m) from Wind Deposited^ Area Deposition
inoculum velocity*  Airborne^ Facing Awav MearT Dose^ E fficien cy (%)5
0.9 0.45 19.4
Test 1 
0.83 0.2 0.52 12.57 4.1
0.9 0.89 121.1 0.41 0.0 0.2 155.20 0.1
1.8 0.45 35.2 0.0 0.2 0.1 22.80 0.4
1.8 0.45 65.8 0.41 0.0 0.2 42.63 0.5
2.7 0.23 15.3 0.0 0.0 0.0 5.06 0.0
2.7 0.23 55.0 0.0 0.0 0.0 18.21 0.0
0.9 0.45 2.2
Test 2 
0.0 0.2 0.1 1.07 9.3
0.9 0.89 10.0 0.0 0.2 0.1 9.61 1.0
1.8 0.45 2.7 0.0 0.0 0.0 1.31 0.0
1.8 0.45 9.7 0.0 0.0 0.0 5.49 0.0
2.7 0.23 2.2 0.0 0.0 0.0 0.54 0.0
2.7 0.23 4.7 0.0 0.0 0.0 1.16 0.0
0.9 0.45 3.2
Test 3 
0.2 0.0 0.1 1.81 5.5
0.9 0.89 10.7 0.41 0.2 0.3 11.99 2.5
1.8 0.45 5.7 0.41 0.0 0.2 3.23 6.2
1.8 0.45 7.4 0.2 0.0 0.1 4.19 2.4
2.7 0.23 4.1 0.0 0.0 0.0 1.18 0.0
2.7 0.23 5.7 0.0 0.0 0.0 1.65 0.0
0.9 0.45 3.6
Test 4 
0.0 0.0 0.0 2.04 0.0
0.9 0.89 49.8 0.0 0.0 0.0 55.84 0.0
1.8 0.45 3.8 0.0 0.0 0.0 2.15 0.0
1.8 0.45 33.8 0.0 0.0 0.0 19.16 0.0
2.7 0.23 1.3 0.0 0.2 0.1 0.37 26.5
2.7 0.23 3.4 0.0 0.0 0.0 0.98 0.0
0.9 0.45 7.1
Test 5 
0.0 0.0 0.0 3.73 0.0
0.9 0.89 19.5 0.0 0.2 0.1 20.30 0.5
1 .8 0.45 20.0 0.0 0.0 0.0 10.53 0.0
1.8 0.45 13.7 0.2 0.0 0.1 7.21 1.4
2.7 0.23 4.6 0.2 0.0 0.1 1.23 8.1
2.7 0.23 9.1 0.2 0.0 0.1 2.44 4.0
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t h a t  s tu d y , on ly  w ith  ex trem ely  h ig h  a irb o rn e  ascospo re  d e n s i t i e s  was 
th e re  a  c o r r e la t io n  betw een a irb o rn e  asco sp o re  and le s io n  d e n s i t ie s .  
Although a irb o rn e  asco sp o re  d e n s i t i e s  in  th e  g la ssh o u se  s tu d ie s  w ere 
p ro b a b ly  above th o s e  e n c o u n te re d  in  c o m m e rc ia l o r c h a r d s ,  th e y  w ere  
ap p a ren tly  below a th re s h o ld  where a  m ath em atica l r e la t io n s h ip  could  
be e s ta b lis h e d  betw een a irb o rn e  and d e p o s ite d  asco sp o re  d e n s ity .
Kerr and Rodrigo (6 6 ) found p o s i t iv e  c o r r e la t io n  betw een a irb o rn e  
and d e p o sited  spore  d e n s i t i e s  o f Exobasidium vexans, th e  cau sa l agen t 
o f b l i s t e r  b l ig h t  on te a .  They w ere a b le  t o  p r e d ic t  d is e a s e  in c id en ce  
b a se d  on a i r b o r n e  s p o re  c o n c e n t r a t io n s .  S e v e ra l  f e a t u r e s  o f  th e  
b l i s t e r  b l i g h t  sy s te m  w h ich  a id e d  t h e i r  s tu d y  a r e  n o t  a p p l i c a b l e  in  
th e  a p p le  sc a b  sy s te m . They w ere  w o rk in g  w i th  a  p e r e n n ia l  c ro p  in  
which s u s c e p t ib le  t i s s u e  and inoculum  w ere p re s e n t y e a r around. A lso, 
th e  b a s i d i a  o r i g i n a t e d  in  l e s i o n s  on th e  l e a v e s ,  and  w ere  a l r e a d y  
w ith in  th e  te a  canopy. W ith ap p le  scab , th e  asco sp o res  o r ig in a te  from  
th e  o rc h a rd  f l o o r  and m ust be  c a r r i e d  by th e  w ind  t o  th e  canopy . 
Because d e p o s it io n  from and th in n in g  o f a  sp o re  c loud  i s  g r e a te s t  near 
th e  in o cu lu m  s o u rc e ,  d e p o s i t i o n  on f o l i a g e  o f  s p o r e s  t h a t  o r i g i n a t e  
w ith in  th e  canopy w i l l  be much g re a te r  compared t o  th e  d e p o s it io n  o f 
sp o res  t h a t  o r ig in a te  o u ts id e  th e  canopy. K err and R odrigo (6 6 ) were 
a ls o  a b le  t o  wadi b a s id ia  o f f  le a v e s  a llo w in g  them t o  sam ple a  g re a te r  
s u r f a c e  a r e a .  Such a  t e c h n iq u e  w ould  n o t  w ork w i th  V. i n a e o u a l i s  
asco sp o res  which a re  v e ry  d i f f i c u l t  t o  remove from  a  s u rfa c e .
M ost d e p o s i t io n  s t u d i e s  h av e  u t i l i z e d  v e ry  l a r g e  num bers o f  
s p o re s  o r  p a r t i c l e s .  S p o re s  o f  Lvcopodium  sp . r e l e a s e d  in  l a r g e  
num bers h av e  b een  u t i l i z e d  t o  s tu d y  d i s p e r s a l  and d e p o s i t i o n  o v e r  a  
g ra ssy  f i e l d  (47) and in  a  b a r le y  c ro p  (9). F lu o re sc e n t t r a c e r s  have
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been used t o  exam ine sp o re  d is p e r s a l  and d e p o s it io n  in  a  b a r le y  c rop  
(87), a  b ean  f i e l d  (112), and a  w h ea t f i e l d  (113), and  t o  exam ine  
p a t t e r n s  o f  d e p o s i t i o n  on c ro p s  (55). The e a s e  w i th  w h ich  l a r g e  
num bers o f  th e s e  p a r t i c l e s  o r  s p o re s  can  be r e l e a s e d ,  t r a p p e d ,  and 
c o u n te d  h a s  b een  th e  p r im a ry  f a c t o r  in  t h e i r  e x te n s iv e  u se  in  
d is p e r s a l  and d e p o s it io n  s tu d ie s .
In  c o n t r a s t ,  few  d e p o s i t i o n  o r  d i s p e r s a l  s t u d i e s  h av e  u t i l i z e d  
th e  s p o r e s  o f  fu n g a l  p a th o g e n s , i n  p a r t  b e c a u se  i t  i s  d i f f i c u l t  t o  
re le a s e  th en  in  s u f f i c i e n t  numbers. Edmonds and D riv er (25) examined 
th e  d i s p e r s a l  and d e p o s i t i o n  o f  Fomes an n o su s  s p o r e s  in  a  f o r e s t .  
When c o n ce n tra te d  c o n id ia  w ere re le a se d , th e r e  was poor c o r r e la t io n  
betw een th e  a irb o rn e  sp o re  d e n s ity , de term in ed  w ith  Rotorod sam plers , 
and spo re  d e p o s it io n  on p e t r i  p la te s .  D ep o sitio n  r a te s  from  a  n a tu ra l  
p o p u la t io n  o f  F. a n n o su s  v a r i e d  fro m  0.0003 t o  0 .007 s p o r e s  cm- ^ p e r  
ho u r o v e r a  24 h o u r p e r io d ,  much lo w e r  th a n  th e  d e p o s i t i o n  re c o rd e d  
h ere  fo r  V. in a e q u a lis .
A s tu d y  s i m i l a r  t o  t h a t  d e s c r ib e d  h e r e  w as c o n d u c te d  by C a r te r  
(18) who s tu d ie d  th e  d e p o s it io n  o f asco sp o res  o f  Eutypa arm eniaceae 
i n  a  w ind  tu n n e l .  He u t i l i z e d  th e  c o n c e p t o f  a r e a  d o se , w h ich  can  be 
d e fin ed  a s  th e  number o f  sp o res  p a ss in g  th rough an im aginary  fram e o f 
u n i t  a r e a  c r o s s - s e c t i o n  a t  r i g h t  a n g le s  t o  th e  w ind  (46). A irb o rn e  
ascospo re  d e n s i t i e s  w ere d e term ined  u sin g  a  Cascade Im pacter, and a re a  
dose was c a lc u la te d  u s in g  th e  fo rm ula,
Area dose = sp o re s  c rrf  ^  x wind speed (cm s - -*-) X tim e ( s ) .
He th en  d e term ined  th e  e f f ic ie n c y  o f d e p o s it io n  (E), ex p ressed  as  th e  
p e rc e n ta g e  o f  th e  a r e a  d o se  d e p o s i t e d  p e r  s q u a re  c e n t im e te r  o f  
s u r f a c e .  The e f f i c i e n c y  o f  d e p o s i t i o n  on l e a f ,  p e t i o l e  and  s tem
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s e c tio n s , a t  wind speeds o f  1-5 m s “l ,  ranged from  0.05 t o  2.79%, w ith  
g r e a t e r  e f f i c i e n c y  a t  h ig h e r  w ind  sp e e d s . The p re s e n c e  o f  f o l i a g e  
a lso  in c re a se d  d e p o s it io n .
The e f f i c i e n c y  o f d e p o s i t io n  (E) f o r  V. i n a e q u a l i s  a s c o s p o re s  
c a l c u l a t e d  u s in g  C a r t e r 's  m ethod , ra n g e d  from  0.1 t o  26%, w i th  an  
a v e ra g e  o f  3 .8 , 2 .5 , and 0.8% a t  w ind  sp e e d s  o f  0 .2 3 , 0 .45 , and  0.89 m 
s - 1 . T hus, th e  e f f i c i e n c i e s  o f  d e p o s i t i o n  f o r  a s c o s p o re s  o f  V. 
in a e q u a lis  and E. arm eniaceae a re  com parable. The d ec rea s in g  v a lu e  of 
E w i th  in c r e a s e d  w ind  v e l o c i t y  in  t h i s  s tu d y  i s  c o n t r a r y  t o  th e  
f i n d in g s  o f o th e r s  (1 8 ,5 5 ) , b u t i s  p ro b a b ly  due t o  th e  e x p e r im e n ta l  
design  and no t to  unique p ro p e r t ie s  o f V. in a e q u a lis . In  t h i s  s tu d y , 
w ind v e l o c i t y  v a r i e d  w i th  r e s p e c t  t o  p o s i t i o n  o f  t h e  t r a p s  from  th e  
sou rce , so  th a t  du ring  each ascospo re  r e le a s e ,  d e p o s it io n  was reco rded  
a t  s e v e ra l wind v e lo c i t i e s .  There was only  one t r a p  sam pling  a t  th e  
h ig h e s t w ind v e lo c i ty  (0.89 m s -1 ), b u t th e re  w ere th re e  and two t r a p s  
a t  0.45 and  0.23 m s - 1 , r e s p e c t i v e l y .  The h ig h e s t  w ind  v e l o c i t y  
o c c u r re d  c l o s e s t  t o  th e  in o cu lu m  s o u rc e ,  an d , n o t  s u r p r i s i n g l y ,  th e  
h ig h e s t a irb o rn e  ascospo re  d e n s i t ie s  w ere a ls o  recorded  th e re  du ring  
each  t e s t .  B ecau se  t h e r e  w as no r e l a t i o n s h i p  b e tw ee n  a i r b o r n e  
ascospore  d e n s ity  and d e p o sited  ascospore  d e n s ity  (and no d if fe re n c e  
in  d e p o s it io n  d e n s ity  re g a rd le s s  o f th e  a irb o rn e  ascospo re  d e n s ity ) , 
d e p o s i t io n  a t  h ig h e r  a i r b o r n e  a s c o s p o re  d e n s i t i e s  w i l l  seem  l e s s  
e f f i c i e n t  th an  a t  low er a irb o rn e  spo re  d e n s i t ie s .  However, when th e  
c o v e r s l i p s  w i th  a t  l e a s t  1  a s c o s p o re  w ere  com pared , t h e r e  w as a  
g re a te r  pe rcen tag e  o f d e p o s it io n  a t  th e  h ig h e s t  w ind speed (Fig. 3).
The d a ta  i n d i c a t e  t h a t  a  low  p r o p o r t io n  o f  a i r b o r n e  a s c o s p o re s  
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Wind V e lo c i ty  (m s e c " * )
Figure 3. Relationship between wind velocity and the percentage 
of coverslips with deposited ascospores of Venturia inaequalis 
in a glasshouse.
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i n  th e  f i e l d  s t u d i e s  d e s c r ib e d  i n  C h a p te r  IV can  be e x p la in e d ,  a t  
l e a s t  in  p a r t ,  by th e  low  d e p o s i t io n  e f f i c i e n c y  o f V. i n a e q u a l i s  
a s c o s p o re s .  A irb o rn e  a s c o s p o re  a r e a  d o sa g e s  w e re  h ig h e r  i n  th e  
g la s s h o u s e  th a n  in  th e  o rc h a rd ,  and a t  any p o i n t  in  a  w e l l  m anaged 
com m ercial o rchard , th e  a irb o rn e  ascospore  d e n s ity  would r a r e ly ,  i f  
e v e r ,  be  a s  h ig h  a s  th o s e  re c o rd e d  in  f i e l d  s t u d i e s  d e s c r ib e d  in  
Chapter IV. Thus, le s io n  d e n s i t ie s  r e s u l t in g  from p rim ary  in fe c t io n  
p e r io d s  in  co m m e rc ia l o r c h a rd s  w ou ld  be l e s s  th a n  o r e q u a l t o  th o s e  
recorded  in  C hapter IV.
C a rte r  (18) no ted  t h a t  d e p o s it io n  of E. arm eniacae asco sp o res  was 
m ore e f f i c i e n t  when m ore f o l i a g e  w as p r e s e n t ,  and  i t  w ould  be 
r e a s o n a b le  to  assum e t h a t  th e  sam e w ould  be t r u e  o f  V. i n a e q u a l i s  
a s c o s p o re s  w h ich  a r e  r e l e a s e d  and  d i s p e r s e d  in  a  s i m i l a r  m anner. 
I n c r e a s e d  e f f i c i e n c y  o f  d e p o s i t i o n  by a s c o s p o re s  a s  th e  am ount o f  
a p p le  f o l i a g e  i n c r e a s e s  th ro u g h o u t  th e  p r im a ry  s e a s o n  s u p p o r t s  th e  
r e s u l t s  o f f i e l d  s t u d i e s  p r e s e n te d  in  C h a p te r  IV. T hose s t u d i e s  
showed g re a te r  le s io n  d e n s i t i e s  (and numbers) r e s u l t in g  from in fe c t io n  
p e r io d s  w h ich  o c c u r re d  a t  th e  end  o f  t h e  p r im a ry  sc a b  s e a s o n  v e r s u s  
th o s e  a t  th e  b e g in n in g . H ow ever, t h e  i n c r e a s e d  l e s i o n  d e n s i t i e s  a t  
th e  end of th e  p rim ary  scab  season  d id  n o t r e s u l t  from an in c re a se  in  
a irb o rn e  ascospo re  d e n s i t ie s ,  a s  lo w e r  a i r b o r n e  a s c o s p o re  d e n s i t i e s  
w ere o f te n  m easured a t  th e  end o f th e  p rim ary  scab  season.
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Appendix A
V o lu n e tr ic  sp o re  t r a p  used t o  sample a irb o rn e  
spore  d e n s ity  in  o rch ard  and g lassh o u se  s tu d ie s
The s p o re  t r a p  u se d  in  th e s e  s t u d i e s  i s  shown in  F ig u r e  1 . The 
t r a p  was made o f P o ly v in y l c h lo r id e  (PVC), w ith  th e  ex cep tio n  o f th e  
a lum inum  w ind  v an e  (V) an d  th e  p l a s t i c  m o ld in g  (M) w hich  h o u sed  th e  
o r i f i c e  and  g l a s s  s l i d e  on w h ich  s p o re s  w ere  d e p o s i t e d  (F ig . 2 ). A 
F afner 9806K b e a rin g  (B earings In c ., Dover, m  03820) mounted in s id e  a  
2" x 1" re d u c in g  b u s h in g  (Bf F ig . 1) a l lo w e d  th e  t o p  p o r t i o n  o f  th e  
s p o re  t r a p  t o  r o t a t e  w i th  th e  w ind , k e e p in g  t h e  t r a p  in t a k e  ( I ,  F ig . 
1) f a c in g  th e  w in d . The b u sh in g  h ad  b een  b o re d  o u t  t o  th e  o u te r  
d iam e ter o f th e  b ea rin g .
A tta c h e d  t o  th e  b a s e  o f  e ach  t r a p  w as a  1" x 1" PVC c o u p le r  (C, 
F ig . 1) w h ich  e n a b le d  m o u n tin g  o f  th e  t r a p  o n to  1" PVC tu b in g .  The 
le n g th  o f t h e  tu b in g  c o u ld  be a d ju s t e d  d e p en d in g  upon th e  d e s i r e d  
h e ig h t o f  th e  t r a p  in ta k e .
A ir was drawn th rough  th e  t r a p  o r i f i c e  w ith  a  12 v o l t  DC blow er 
m o to r (Mt, F ig . 2) (H erbach  and  Rademan, P h i l a d e lp h ia ,  PA 19134) 
powered a s  d e sc rib e d  in  Appendix B. Spores w ere d e p o s ited  on a  g la s s  
s l i d e  (S, F ig . 2) i n  a  t h i n  band  c o r re s p o n d in g  t o  th e  o r i f i c e  s i z e .  
The s l id e  r e s te d  xn a  f i t t e d  d e p re ss io n  in  th e  p l a s t i c  m olding (M).
Each t r a p  was t e s t e d  in  th e  la b o ra to ry  to  de te rm in e  th e  amount o f 
a i r  d raw n a t  5 .0 , 5 .5 , 6 .0 , 6 .5 , 7 .0 , 7 .5 , and  8.0 v o l t s  DC, and 
w ith in  t h i s  range, th e  r e la t io n s h ip  betw een th e  v o lta g e  and th e  amount
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o f  a i r  d raw n w as l i n e a r .  When th e  s p o re  t r a p s  w e re  p la c e d  i n  th e  
f i e l d ,  t h e  am ount o f  c u r r e n t  r e a c h in g  e ac h  t r a p  w as m e asu re d  w i th  a  
v o l t i m e t e r ,  and  th e  e x a c t  am ount o f  a i r  d raw n by e a c h  t r a p  w as 
c a lc u la te d . The amount o f a i r  sam pled by each t r a p  ranged from  17.5 
t o  19.5  1 a i r  min- 1 .
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F ig u re  1. PVC spore  t r a p  used in  f i e l d  and g la ssh o u se  s tu d ie s .  
V: windvane to  p o in t  t r a p  in ta k e  (I) in to  th e  w ind. M: p l a s t i c  
m olding housing  th e  o r i f i c e  and g la s s  s l i d e .  B: red u c in g  
bush ing  in  which b e a r in g  was p la c e d . C: 1" c o u p le r  to  mount 
t r a p  o n to  1" PVC tu b in g .
F ig u re  2. G lass s l id e  (S) mounted in  f i t t e d  d ep re ss io n  in  
p l a s t i c  m olding (M). The w h ite  band re p re se n ts  a  band o f  
d e p o s ited  sp o res  co rrespond ing  to  th e  t r a p  o r i f i c e  which i s  
s i tu a te d  above th e  s l i d e .  Blower m otor (Mt) i s  below th e  
s l i d e ,  o u t o f  fo cu s .
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Appendix B
E le c t r i c  c i r c u i t r y  fo r  o p e ra tio n  of 
v o lu m e tric  spo re  t r a p s  in  th e  o rch ard
The e l e c t r i c a l  d esig n  fo r  pow ering th e  v o lu m e tr ic  spo re  t r a p s  in  
th e  o rc h a rd  i s  p r e s e n te d  i n  F ig u re  1. C u r re n t  f lo w e d  fro m  th e  110 
v o l t  a l t e r n a t e  c u r r e n d  (VAC) s o u rc e  t o  a  v a r i a b l e  t r a n s f o r m e r  
(V a ria c ) . The am ount o f  c u r r e n t  f lo w in g  from  th e  v a r i a c  t o  th e  
b a t te ry  ch arg er cou ld  be c o n tro l le d  w hich, in  tu rn , a llow ed  c o n tro l o f 
th e  c u rre n t flo w in g  t o  th e  sp o re  t r a p s .  T h is  a llow ed  o p e ra tio n  o f th e  
spore  t r a p s  over a  range o f sam pling  r a te s .  The b a t te r y  ch arg er was 
used  a s  a  t r a n s f o r m e r  an d  s u p p l ie d  d i r e c t  c u r r e n t  (DC) t o  pow er th e  
spore  t r a p s .
H ie key t o  th e  sy stem 's  o p e ra tio n  was a  s o l id  s t a t e  re la y  (Hamlin 
Model 7591 or e q u iv a len t)  which a llow ed  c u rre n t from a  1 2 -v o lt b a t te ry  
to  th ro w  a  s w i tc h  c o m p le tin g  th e  110 VAC c i r c u i t .  B oth  th e  110 VAC 
and th e  12 VDC s o u r c e s  w ere  c o n n e c te d  t o  th e  s o l i d  s t a t e  r e l a y .  A 
le a f  w etness in d ic a to r  (LWI) was connected  to  th e  12 VDC b a t te ry  and 
th e  r e l a y .  When th e  c i r c u i t  w as c o m p le te , c u r r e n t  a u to m a t i c a l l y  
flow ed from  th e  110 VAC source  to  th e  sp o re  t r a p s ,  tu rn in g  th e  t r a p s  
on. When th e  s t r i n g  d r i e d ,  th e  c i r c u i t  from  th e  LWI w as b ro k e n  and  
th e  t r a p s  w ere tu rn e d  o f f .  The LWI was a ls o  connected to  a  reco rd in g  
h y g ro th e rm o g ra p h , p r o v id in g  a  r e c o rd  o f  h o u rs  o f  l e a f  w e tn e s s  (and 
hence, sp o re  t r a p  o p e ra t io n ) .
C urren t flow ed to  each sp o re  t r a p  th rough  14 gauge w ire  (# v l2 0 2 -
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41-0 7 , ITT R oyal E l e c t r i c ,  E. P ro v id e n c e , RI 02916). At e ac h  
connection  betw een a  sp o re  t r a p  and th e  e l e c t r i c a l  w ire , a  3 /4  amp AGC 
fu se  was a tta c h e d  a s  a  sa feg u a rd  so th a t  i f  one t r a p  f a i l e d ,  th e  r e s t  
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F i g u r e  1 .  E l e c t r i c a l  d e s i g n  f o r  p o w e r i n g  v o l u m e t r i c  s p o r e  t r a p s  d u r i n g  
o r c h a r d  s t u d i e s .  VAC = v o l t s ,  a l t e r n a t e  c u r r e n t ;  V A R I A C  =  v a r i a b l e  
t r a n s f o r m e r ;  LWI  =  L e a f  W e t n e s s  I n d i c a t o r ,
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Appendix C
Spore d is p e r s a l  p a t te r n s  fo r  Lvcopodium t e s t s
T h is  appendix c o n ta in s  r e s u l t s  o f d is p e r s a l  t e s t s  u s in g  sp o re s  o f  
Lvcopodium  s p  w h ich  w e re  p r e s e n te d  in  C h a p te r  I I I .  F ig u r e s  1 -4  a r e  
th e  r e s u l t s  o f  t e s t s  u s in g  d e s ig n  C (F ig . 3, C h a p te r  I I I ) .  In  each  
f i g u r e ,  A, B, and  C r e p r e s e n t ,  r e s p e c t i v e l y ,  th e  s p o re  d i s p e r s a l  
p a t t e r n s  i n  t h e  f i r s t ,  sec o n d  and  t h i r d  h o u r o f  e ach  t e s t .  D i s  th e  
p a t te r n  fo r  th e  e n t i r e  3 hour p e rio d . Arrows re p re se n t th e  range in  
wind d i r e c t io n  d u rin g  each 3 hour t e s t  p e rio d .
F i g u r e s  5 , 6 a n d  9 a r e  t h e  n u m b e rs  o f  s p o r e s  t r a p p e d  i n  
Lvcopodium  t e s t s  u s in g  d e s ig n s  B (F ig . 2, C h a p te r  I I I ) ,  D (F ig . 5, 
C hapter I I I ) ,  and E (Fig. 6, C hapter I I I ) ,  re s p e c tiv e ly . In  F ig u re  5, 
s p o re  num bers a r e  th e  t o t a l  num ber o f  s p o re s  t r a p p e d  a t  e a c h  s i t e ,  
w h ich  can  be com pared  t o  t h e  e q u iv a l e n t  s p o re  d e n s i ty  u sed  in  th e  
co rrespond ing  th re e  d im en sio n a l g ra p h s . S p o re  num bers i n  F ig u r e s  7 
and 9 a r e  th e  number o f sp o res  p e r mi3 a i r  sam pled.
F ig u r e s  6 , 8 , an d  10 a r e  th e  s p o re  d i s p e r s a l  p a t t e r n s  f o r  
Lvcopodium t e s t s  u sing  d e s ig n s  B, D, and E, re s p e c tiv e ly . Where space 
has  p e rm itte d , th e  sp o re s  trap p ed  in  each t e s t  and th e  sp o re  d is p e r s a l  
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F ig u re  2 ,  a -d .  



















































F ig u re  3 ,  a -d .  




































F ig u re  4 ,  a -d  
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Figure 5a. Spores trapped, Test B1
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o 0
Figure 6 b- . D ispersal p a ttern , Test 02
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F igure 6 c . D isp ersa l p a t te r n , T est B3
Figure 5c. Spores trapped, Test B3
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F i g u r e  6 d .  D i s p e r s a l  p a t t e r n ,  T e s t  B4
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F i g u r e  5 d .  S p o r e s  t r a p p e d ,  T e s t  B4
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Figure 5e. Spores.trapped, Test 05 157
Figure 6 f .  D ispersal pattern , Test B6






















Figure 5g. Spores trapped, T est B7
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F i g u r e  8 a .  D i s p e r s a l  p a t t e r n ,  T e s t  D1
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F i g u r e  7 a .  S p o r e s  t r a p p e d ,  T e s t  D 1
161
S p o r e s  m















78 77 33 . 22 21 32 11


























Figure 7c. Spores trapped, Test D3
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F i g u r e  8 d .  D i s p e r s a l  p a t t e r n ,  T e s t  D4
y - 3 5 0
- 3 2 0
- 2 8 0y
- 2 4 0  
■■200 
• ■ 1 6 0  
. . 1 2 0  
• • 8 0  
■ ■ 4 0  
-  0














44 400 255 22 21 0 42
Figure 7d. Spores trapped, Test D4
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Figure 7f. Spores trapped, Test D6
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F i g u r e  § a .  S p o r e  d i s p e r s a l  p a t t e r n ,  D e s i g n  E ,
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F ig u re  10a. Spores trap p ed  (m a i r ) ,  desig n  E, t e s t  1.
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Figure 10b. Spores trapped (m air), design E, test 2.
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F igu re  10c. Spores trap p ed  (m a i r ) ,  desig n  E, t e s t  3.
171
-r- 525
- 4 5 0
- 3 7 5
* 3 0 0
- 2 2 5
- 1 5 0
• -  7 5  
. .  0
S p o r e s  m"' *  ( X  . 1 )













3,429 24 29 12 o 6
12
-3
Figure lOd. Spores trapped (m air), design E, test 4.
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Summary o f m e teo ro lo g ica l c o n d itio n s  
d u rin g  1984 and 1985 prim ary in fe c t io n  p e r io d s .
H ie in f e c t io n  p e rio d s  d e sc rib e d  in  t h i s  appendix o ccu rred  du ring  
th e  1984 and  1985 p r im a ry  s c a b  s e a s o n s . For each  i n f e c t i o n  p e r io d  
d e s c r ib e d ,  one p l o t  o f  t r e e s  a t  th e  Woodman H o r t i c u l t u r e  Farm w as 
u n p r o te c te d  w i th  f u n g ic id e .  For e a s e  o f  r e f e r e n c e  th e  p l o t s  
u n p ro tec ted  f o r  each in f e c t io n  p e rio d , a s  d e sc rib e d  in  C hapter IV, a re  
p re se n te d  w ith  each m e te o ro lo g ic a l summary. A ll re c o rd s  o f tim e  o f 
day a re  E a s te rn  S tan d ard  Time (EST)
1984
I n f e c t i o n  p e r i o d ,  3 -5  Nay ( P lo t  A). Heavy r a i n  f e l l  fro m  2000 h o u rs  
on 3 May u n t i l  0900 h o u rs  on 4 May. L ig h t ,  i n t e r m i t t e n t  sh o w ers  
c o n t in u e d  u n t i l  2100 h o u r s .  L eav es  w ere  d ry  by 1400 h o u rs  on 5 May 
a f t e r  41 h r  o f  c o n t in u o u s  l e a f  w e tn e s s .  The a v e ra g e  te m p e r a tu r e  
d u r in g  th e  i n t e r v a l  w as 4.5 C. Wind sp e e d s  w e re  2 .3 -9  m s " 1 , fro m  E 
to  NE u n t i l  1600 h ou rs  on 4 May, th e n  s h i f t in g  t o  N and NW.
I n f e c t i o n  p e r io d ,  8 -9  May ( P lo t  B). Heavy r a in  began a t  1200 hours on 
8  May and co n tin u ed  u n t i l  1900 hours th a t  evening. Leaves w ere d ry  by 
0700 h o u rs  on 9 May a f t e r  19 h r  o f  c o n t in u o u s  l e a f  w e tn e s s .  The 
average te m p e ra tu re  d u rin g  th e  in te r v a l  was 7 C. Hie predom inant wind
177
d ir e c t io n  was from  th e  E d u rin g  th e  a fte rn o o n  o f 8  May, w ith  speeds o f
0.9-6.7 m s " 1. A fte r  1900 hou rs, th e  wind s h i f te d  tow ards th e  NE and 
d im in ish ed  t o  0 - 3  m s ' 1  f o r  th e  rem ainder of th e  in f e c t io n  p e rio d .
I n f e c t i o n  p e r io d ,  1 2 -1 3  May ( P lo t  C). A l ig h t ,  s tead y , m is t - l ik e  r a in  
began a t  0200 hou rs on 12 May and con tinued  u n t i l  2100 hours th e  same 
d ay . L eav es  w ere  d ry  by 0500 h o u rs  on 13 May a f t e r  27 h r  o f 
con tinuous l e a f  w etness. The average  tem p e ra tu re  d u ring  th e  in te r v a l  
was 11.5 C. Winds w ere l i g h t  and v a r ia b le  w ith  an average speed o f 0 - 
3 m s ' 1 .
M o d era te , s te a d y  r a i n  beg an  a g a in  a t  2100 h o u rs  on 13 May and 
c o n t in u e d  u n t i l  0900 h o u rs  on 14 May. A t 1300 h o u rs  on 14 May, th e  
wind s h i f te d  from  NE t o  NW and th e  r e l a t i v e  hum id ity  dropped from 95% 
t o  50% i n  90 m in u te s ,  t h e  r e s u l t  b e in g  t h a t  th e  le a v e s  w ere  d ry  by 
1400 h o u rs  on 14 May, a f t e r  17 h r  o f  c o n t in u o u s  l e a f  w e tn e s s . The 
average te m p e ra tu re  d u rin g  th e  in te r v a l  was 8  C. A ccording t o  M ills  
(90), t h i s  seco n d  p e r io d  o f  l e a f  w e tn e s s  w ould  be c o n s id e re d  an  
i n f e c t i o n  p e r io d .  H ow ever, b a se d  on e v id e n c e  from  a  p r e v io u s  s tu d y  
(78) and th e  sp o re  tra p p in g  d a ta  from t h i s  s tu d y , few asco sp o res  were 
re le a s e d  u n t i l  0900 h o u rs  on 14 May. The 5 h r  o f l e a f  w etness (0900- 
1400 hours) d u rin g  sp o re  r e le a s e  was n o t s u f f i c i e n t  (77) t o  co n sid er 
th e  second ra in y  in te r v a l  an in f e c t io n  p e rio d .
I n f e c t i o n  p e r io d ,  28 M ay-2 J u n e  ( P lo t  D). Heavy r a i n  began  a t  1030 
h o u rs  on 28 May an d  c o n t in u e d  u n t i l  1600 h o u rs  on 1 Ju n e . By 1600 
h o u rs  on 28 May, 9.5 cm o f  r a i n  had  f a l l e n ,  and an  a d d i t i o n a l  4.4 cm
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f e l l  d u r in g  th e  n e x t  48 h r .  L eav es  w ere  d ry  by 0700 h o u rs  on 3 J u n e , 
a f t e r  140 hours o f con tinuous l e a f  w etness. The average tem p era tu re  
du rin g  t h i s  in te r v a l  was 13 C  Wind speed was l i g h t ,  w ith  an average  
sp eed  o f  0 -4 .5  m s “ l  th ro u g h o u t th e  e n t i r e  i n f e c t i o n  p e r io d .  Wind 
d i r e c t io n  was v a r ia b le ,  p redom inan tly  from  th e  NE, b u t a ls o  from  th e  
SE d u rin g  th e  f i r s t  54 h r  of th e  in f e c t io n  p e rio d .
1985
I n f e c t i o n  p e r io d ,  5 -7  Nay ( P lo t  A). Moderate rain began at 1430 hours 
on 5 May and continued until 1700 hours on 6  May. Leaves were dry by 
0700 hours on 7 May, after 39.5 hr of continuous leaf wetness. The 
average temperature during the interval was 6.1 C. Wind direction 
throughout the infection period was NE to E, steady (2-6 m s”*) with 
gusts to 8.9 m s- .^
I n f e c t i o n  p e r io d ,  1 7 -1 9  May ( P lo t  B). L ig h t r a in  began a t  2300 hours 
on 17 May and c o n t in u e d  u n t i l  1000 h o u rs  on 18 May. At 1400 h o u rs  
th e re  was a  heavy downpour. Hie sky was c le a r  by 1600 hours, b u t th e  
le a v e s  re m a in e d  w e t u n t i l  2200 h o u rs  t h a t  n ig h t .  A b r i e f  show er a t  
0200 h o u rs  on 19 May r e w e t  th e  l e a v e s ,  w h ich  d id  n o t  d ry  u n t i l  1000 
hours on 19 May. Hie d u ra tio n  o f th e  in fe c t io n  p e rio d , in c lu d in g  th e  
4 h r  on 18 May when th e  l e a v e s  w ere  d ry  w as 35 h o u rs . The a v e ra g e  
tem p era tu re  du rin g  th e  in fe c t io n  p e rio d  was 7.7 C. Winds th roughou t 
th e  p e r io d  w ere i n i t i a l l y  l i g h t  (0-4 m s"*) from th e  SE, E and NE b u t 
became W esterly  and s tro n g  (steady t o  11.1 m s - ^) a t  1400 hou rs  on 18
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May. Winds d im in ished  by 0000 hours on 19 May and rem ained l i g h t  and 
v a r ia b le  th roughou t th e  rem ainder o f th e  in f e c t io n  p e rio d .
I n f e c t i o n  p e r io d ,  2 1 -2 2  May ( P lo t  C). A thundersto rm  o ccu rred  a t  1330 
@ hours, fo l lo w e d  by sh o w e rs  t h a t  c o n t in u e d  u n t i l  2200 h o u rs . The 
le a v e s  w ere  d ry  by 0600 h o u rs  on 22 May a f t e r  16.5 h r  o f  c o n tin u o u s  
le a f  w etness. The average tem p e ra tu re  d u rin g  th e  in te r v a l  was 13.9 C. 
W inds d u r in g  th e  p e r io d  w ere  ca lm  t o  v e ry  l i g h t  (0 -8 .9  m s ” l ) ,  
v a r ia b le  o r from th e  SE when m easurable.
I n f e c t i o n  p e r io d ,  2 7 -2 9  May ( P lo t  D). L ig h t  sh o w e rs  began  a t  1530 
hours on 27 May, and co n tin u ed  in te r m i t t e n t ly  u n t i l  1700 hours on 28 
May. L eav es  w ere  d ry  by 0600 h o u rs  on 29 May a f t e r  38.5 h r  o f  
con tinuous l e a f  w etness. The average tem p e ra tu re  du rin g  th e  in te r v a l  
w as 11.7 C. W inds w e re  l i g h t  (0 -1  m s ” l )  u n t i l  0700 h o u rs  on 28 May, 
th e n  in c r e a s e d  s l i g h t l y  (0 -3 .5  m s _ 1 ) u n t i l  1300 h o u rs  t h e  same day. 
W inds w e re  calm  th ro u g h o u t t h e  re m a in d e r  o f  th e  i n f e c t i o n  p e r io d .  
Wind d i r e c t io n  was i n i t i a l l y  from th e  E and NE, th e n  s h i f te d  to  SE and 
S a t  1200 h o u rs  on 28 May.
I n f e c t i o n  p e r io d ,  5 -7  J u n e  ( P lo t  E). L ig h t  r a i n  b eg an  a t  1300 h o u rs  
and con tin u ed  u n t i l  1900 h ours on 5 June. The le a v e s  w ere d ry  by 1130 
hou rs on 6  June, a f t e r  22.5 h r  o f con tinuous le a f  w etness. The le av e s  
w ere rew et by l i g h t  show ers a t  1600 hou rs  on 6  June, and rem ained w et 
u n t i l  0600 h o u rs  on 7 Ju n e . The le n g th  o f  th e  i n f e c t i o n  p e r io d  
in c lu d in g  th e  4.5 h r  when th e  le a v e s  w ere d ry  was 41 h r . The average 
te m p e ra tu re  d u rin g  th e  in te r v a l  was 10.5 C. Winds w ere i n i t i a l l y  from
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t h e  SE u n t i l  2000 h o u rs  on 5 J u n e , s h i f t i n g  t o  t h e  NE an d  N f o r  th e  
rem ainder o f th e  in f e c t io n  p e rio d . Wind speed th roughou t th e  p e rio d  
w as l i g h t  (0 -2 .7  m s - 1 ).
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Appendix E
P lo t  d e s ig n , th e  number o f asco sp o res  trap p ed  
and th e  nunber o f  le s io n s  reco rd ed  fo r  each 
p lo t  in  th e  Woodnan Farm s tu d y , 1984 and 1985
T h is  appendix c o n ta in s  th e  number o f asco sp o res  tra p p e d  and th e  
number o f le s io n s  reco rded  f o r  each p rim ary  in f e c t io n  p e rio d  in  a  p lo t  
o f  t r e e s  l e f t  u n p r o te c te d  w i th  f u n g ic id e  f o r  t h a t  i n f e c t i o n  p e r io d .  
The p la c e m e n t o f  v o lu m e t r i c  s p o re  t r a p s  in  p l o t s  i s  p r e s e n te d  in  
F ig u re  1. F ig u re  2 c o n ta in s  th e  number o f  asco sp o res  tra p p e d  by each 
t r a p  and th e  number o f te rm in a l and c lu s t e r  le s io n s  reco rd ed  fo r  each 
t r e e  f o r  e ac h  i n f e c t i o n  p e r io d .  F ig u r e s  2 a , b , c , and  d a r e  d a ta  f o r  
th e  1984 p rim ary  in f e c t io n  p e r io d s  on 3-5 May, 8-9 May, 12-14 May, and 
28 May -  2 J u n e , r e s p e c t i v e l y .  F ig u r e s  2 e , f ,  g , and  h a r e  d a ta  f o r  
th e  1985 p rim ary  in f e c t io n  p e rio d s  on 5-7 May, 18-19 May, 21-22 May, 
27-29 May, and 5-7 June , r e s p e c tiv e ly .
F i g u r e  1 .  L o c a t i o n  o f  s p o r e  t r a p s  w i t h i n  p l o t s  u t i l i z e d  i n  t h e  1 9 8 4  
a n d  1 9 8 5  W o o d m a n  F a r m  s t u d y .  T h r e e  " Z u c k "  v o l u m e t r i c  s p o r e  t r a p s  
w e r e  p l a c e d  a t  0 . 9  a n d  3 . 0  m i n  t h e  l o w e r  ( L )  a n d  u p p e r  ( U )  c a n o p y  
o f  f o u r  t r e e s ,  r e s p e c t i v e l y .  A 7 - D a y  r e c o r d i n g  v o l u m e t r i c  s p o r e  
t r a p  ( V )  a n d  a  " Z u c k "  v o l u m e t r i c  s p o r e  t r a p  ( Z )  w e r e  p l a c e d  w i t h i n  
a n  i n o c u l u m  s o u r c e  ( s m a l l  e l  i p s e )  c o n t a i n i n g  a p p r o x i m a t e l y  1 7 0 0  
h e a v i l y  s c a b b e d  l e a v e s .
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F i g u r e  2 a .  I n f e c t i o n  p e r i o d  o f  3 - 5  M a y ,  1 9 8 4 .
,0 0
Figure 2b. In fe c t io n  period o f  8-9 May, 1984.
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F i g u r e  2 c .  I n f e c t i o n  p e r i o d  o f  1 2 - 1 4  M a y ,  1 9 8 4 .
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Figure 2d. In fec t ion  period o f  28 May -  2 June,  1984.
F i g u r e  2 e .  I n f e c t i o n  p e r i o d  o f  5 - 7  M a y ,  1 9 8 5 .
F i g u r e  2 f .  I n f e c t i o n  p e r i o d  o f  1 8 - 1 9  M a y ,  1 9 8 5 .
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1
F i g u r e  2 g .  I n f e c t i o n  p e r i o d  o f  2 1 - 2 2  M a y ,  1 9 8 5 .
F i g u r e  2 h .  I n f e c t i o n  p e r i o d  o f  2 7 - 2 9  M a y ,  1 9 8 5 .
F i g u r e  2 i .  I n f e c t i o n  p e r i o d  o f  5 - 7  J u n e ,  1 9 8 5 .
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